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ABSTRACT 
This study investigates flow boiling heat transfer and pressure drop characteristics 
of mixtures of R-134a and an ester based lubricant. Nominal oil concentrations of 1 %, 
3%, and 5% are tested. Experimental heat transfer coefficients and pressure drops are 
collected over a wide range of flow conditions. The two-phase flow regime is observed 
visually. The oil has a significant impact on both heat transfer and pressure drop. Small 
concentrations of oil enhance the heat transfer coefficient. The enhancement is observed 
for all oil concentrations tested; however, the enhancement is decreasing at an oil 
concentration of 5%. The enhancement is attributed to several factors including the 
promotion of an annular-type flow pattern at low to moderate flow rates, the degradation of 
the nucleate boiling contribution at the same flow rates, and foaming at higher flow rates. 
The presence of small amounts of oil also increases the pressure drop. This increase is 
seen at all oil concentrations tested. The magnitude of the increase continues to rise with oil 
concentration. Factors influencing the pressure drop are the increase in the mixture 
viscosity, the promotion of an annular-type flow pattern, and foaming. Mixture properties 
are used in both a heat transfer correlation and a pressure drop correlation to determine the 
effects of the thermophysical property changes of the mixture. The results indicate that in 
order to accurately predict refrigerant-oil data, effects other than just property variations 
must be taken into account. General correlations must properly account for the flow 
regime effects and foaming. 
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CHAPTER 1 
INTRODUCTION 
Oil is required in all vapor compression systems in order to lubricate the moving. 
parts in the compressor. The refrigerant flow carries small amounts of oil throughout the 
system. The presence of oil in the evaporator or condenser can significantly affect the local 
heat transfer and pressure drop characteristics. This becomes important to heat exchanger 
designers who have to account for the effects of the oil. There have been several swdies of. 
two-phase flow of refrigerant-oil mixtures which have provided a great deal of information 
about these effects; however, only a few of these use R-l34a as the working fluid. There 
is a need to further expand the knowledge of the behavior of R -134a/oil mixtures. 
In this swdy, refrigerant-oil mixtures of R-134a and an ester based lubricant at 
nominal oil concentrations of 1 %, 3%, and 5% are tested. The main focus of the sWdy is 
to determine the effect of the oil on both the heat transfer and pressure drop characteristics. 
Experimental heat transfer coefficients and pressure drops are collected over a wide range 
of flow conditions. Refrigerant mass flux, saturation temperature, quality, and the heat 
flux into the test section are all independently controlled in the test facility. Two-phase 
flow regimes are observed visually. 
Evaluation of the experimental data provides a good understanding of the effects of 
the oil. The local trends in the experimental data are discussed in terms of the flow 
parameters. In addition, the local results are averaged over the entire quality range to yield 
overall or average results. These average results allow the trends with oil concentration to 
be seen more clearly. In an attempt to quantify the effects due to the changes in the 
thermophysical properties of the working fluid because of the addition of the oil, mixture 
properties are employed in correlations for pure refrigerants. Both a heat transfer 
coefficient correlation and a pressure drop correlation are used. The results will give an 
indication of how these property variations affect the flow boiling characteristics. 
Background information and a review of previous sWdies are presented in chapter 
2. The characteristics of pure refrigerant flow boiling are discussed, including two-phase 
flow regimes and the meChanisms of heat transfer. The properties of the oil, remgerant, 
and of the refrigerant-oil mixture are outlined. Mixture analysis methods are also 
presented. In addition, the results of previous research are discussed in terms of pool 
boiling, flow boiling, and pressure drop. 
In chapter 3, the experimental test facility is described. The main components of 
the system, the important instrumentation, ~d the measurement techniques are described. 
1" 
The data acquisition system is alsodescribed as well as the data reduction hardware and 
software. 
The experimental procedures are outlined in chapter 4. The operation of the test 
facility is discussed, so are the oil handling procedures. The scope of the investigation and 
the test matrices are outlined. The computational method used to calculate the heat transfer 
coefficients is described. In addition, the process used to verify the data is discussed. 
" Finally, the uncertainty analysis is presented. 
Chapter 5 is· devoted to the presentation and analysis of the experimental data.· The 
discussion is divided into heat transfer and pressure drop sections. Much of the data are 
presented in terms of enhancement factors or penalty factors. They are defined as the 
refrigerant-oil mixture heat transfer coefficient or pressure drop divided by the 
corresponding quantity for the pure refrigerant at the same flow conditions. This allows 
the magnitudes of the oil effects to be identified explicitly. 
General conclusions that are drawn from the experimental data are presented in 
chapter 6. They are also divided between heat transfer and pressure drop. 
Recommendations for future research are also included. 
2 
CHAPI'ER2 
LITERATURE REVIEW 
This literature review focuses on the important characteristics of evaporating two-
phase flow inside horizontal tubes. Both pure refrigerant and refrigerant-oil mixture 
characteristics will be discussed. In section 2.1, the important two-phase flow regimes are 
described. The flow regime is fundamental in understanding two-phase heat transfer and 
pressure drop characteristics. .. Important heat transfer coefficient and pressure drop 
correlations are also presented. In section 2.2, the thermophysical properties of the 
lubricant and the refrigerant-oil mixture are described. Finally in section 2.3, the effects of 
oil on both heat transfer and pressure drop are outlined. The effects due to property 
changes as well as those due to flow transitions are highlighted. 
2.1 Two-Phase Flow Boiling Characteristics of Pure Refrigerants 
In this section, all of the relevant characteristics of two-phase flow are discussed. 
The prominent two-phase flow regimes found in horizontal flow are discussed in section 
2.1.1. In section 2.1.2, ~e two heat transfer mechanisms of flow boiling are described as 
well as under what conditions each is important. A brief introduction to two-phase 
pressure drop is given in section 2.1.3. Finally, important heat transfer and pressure drop 
correlations found in: the literature are presented in sections 2.1.4 and 2.1.5 respectively. 
2.1.1 .. Two-phase now regimes 
In two-phase flow, the heat transfer and pressure drop characteristics depend .. on 
how the liquid and vapor are oriented in the tube. The flow regime or flow pattern is a 
subjective description of this orientation. Common two-phase flow regimes that are found 
during horizontal flow boiling are given in figure 2.1. Although all of those listed may 
occur at some point in an evaporator, only four of these; stratified flow, wavy flow, wavy-
annular, and annular flow, are important to this study. 
Stratified flow is found at low mass fluxes and, hence, low vapor and liquid 
velocities. The liquid flowing along the bottom of the tube is separated from the vapor 
flowing along the top of the tube by a smooth interface. As boiling continues, the phase 
velocities increase. This creates instabilities in the interface giving rise to waves along the 
liquid sUlface [Dobson, 1994]. This is called wavy flow. The characteristics of stratified 
flow and wavy flow are quite similar. The transition between the two is subtle and may 
occur Qver a very small increase in mass flux or quality. 
3 
If either the mass flux or the quality is increased, the waves grow and may 
encompass the entire tube cross section. At high liquid fractions, slug flow may occur. 
When the liquid fraction is low, the waves begin to wash up along the tube wall and 
annUlar flow ultimately results [Dobson 1994]. During this transition, the flow is referred 
to as wavy-annular. It is characterized by an asymmetrical liquid film flowing along the 
upper tube wall and a liquid pool flowing along the bottom. Visual observations of wavy-
annular flow often include pulses of liquid, refrigerant, indicative of slug flow. These are, 
formed in sections of high liquid inventory where the waves coalesce into slugs. This 
demonstrates the difficulty in accurately classifying flow regimes. 
At still higher vapor velocities, liquid migration up along the tube wall due to shear 
forces and secondary flows leads to a symmetrical annular liquid film [Carey, 1992], 
creating annular flow. The vapor flowing through the liquid annulus exerts a large shear 
stress on the liquid; thus, the liquid-vapor interface in annular flow is typically wavy. 
Liquid droplets may be sheared off the crests of the waves leading to an annular-mist flow. 
The heat transfer and pressure drop characteristics in annular flow are completely different 
from the characteristics in stratified or wavy flow. Therefore, it is imperative to have some 
knowledge of the flow pattern before analyzing any experimental data. 
Figure 2.2 is a flow regime map based on, ,the visual observations of Wattelet 
[1994a,b]. The variables chosen to define the flow regime are the mass flux and the 
thermodynamic quality. The transition region between stratified or wavy flow and annular 
flow is clearly marked. This is the most important flow pattern transition due to the large 
change in heat transfer and pressure drop characteristics. This transition is also imponant 
since a lot of the experimental data fall in this region. 
2.1.2" Mechanisms of heat transfer-
There are two mechanisms of heat transfer in flow 'boiling. First, forced convective 
evaporation occurs at the liquid-vapor intCIface in a similar manner to that of single-phase 
forced convection. Secondly, nucleate boiling, characterized by bubble formation at the 
tube wall, may simultaneously exist Which mode of heat transfer is dominant depends on 
the local flow conditions. 
Figure 2.3 shows qualitatively how the local heat transfer coefficient varies with 
quality in the annular flow regime. The convective and nucleate boiling contributions are 
easily distinguishable. At low mass fluxes and qualities, the flow is dominated by 
convective boiling. Due to the low heat flux there is not sufficient wall superheat present to 
initiate bubble formation. If the heat flux is increased, the nucleate boiling contribution 
increases and at very high heat fluxes the convective and nucleate boiling contributions may 
4 
be of equal importance. However, at high qualities convective boiling is always dominant. 
The convective heat transfer coefficient increases with quality; thus, for a given heat flux, 
the wall superheat is reduced. This reduces the nucleate boiling contribution. In addition, 
the thermal resistance is reduced by the thinning of the liquid layer. This causes an increase 
in the convective boiling contribution. This trend continues up to qualities of 85% to 90% 
where dryout or partial dryout occurs. At this point, the heat transfer coefficient decreases 
and the above arguments are no longer valid 
In stratified or wavy flow, the heat transfer trends are much different, as shown in 
figure 2.4. Here the local heat transfer coefficient is almost independent of quality; 
however, there is a strong heat flux dependence. This is indicative of a nucleate boiling 
dominated regime. Convective boiling is reduced by the fact that the liquid-vapor interface 
is much smaller when compared to annular flow. Only half of the tube is wetted and 
available for convective heat transfer into the liquid. Even though the wetted area is less 
than in annular flow, nucleate boiling is still important as the heat flux is increased. 
2.1.3 Two-phase pressure drop 
The fluid mechanics of two-phase flow are quite complicated and full treatment is 
often difficult. However, useful information can be obtained from a simplified orie-
dimensional, separated flow model In this model, there are two distinct phases flowing in 
the tube. The pressure and all thermophysical properties are assumed to be constant at a 
given cross section. The flow is steady and the fluids are incompressible. Applying the 
continuity and momentum equations to each phase yields the following equation for 
pressure drop per unit length [Wattelet, 1994a,b]: 
( _dP) =_1 '~[ri1'Y +ri1I 'YI]+[t .p +t I,PI] (2.1) 
. dz tp Ac dz v v w,v v w, .. 
The first term on the right hand side of Eq. (2.1) represents the acceleration component of 
pressure drop. This is caused by the change in the phase velocities due to the evaporation 
process. The second term represents the frictional component. It is caused by the shear 
stresses that occur at the tube wall and at the liquid-vapor interface. Symbolically Eq. (2.1) 
can be written as: 
(2.2) 
In an attempt to correlate adiabatic two-phase pressure drop, Lockhart and 
Martinelli [1947] defined frictional two-phase multipliers, cj)2, that relate the two-phase 
pressure drop to single-phase pressure gradients. They proposed that these two-phase 
multipliers should be functions of the liquid and vapor pressure gradients. Based on this 
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hypothesis, they defmed a parameter which indicates the relative effect of each phase as 
follows: 
(2.3) 
Using ~ Blasius form of the friction factor for turbulent liquid and turbulent vapor flow, the 
Lockhart-Martinelli pafameterreduces to: 
, X. =c:xr(~r(~:r (2.4) 
where the subscript tt refers to turbulent liquid and turbulent vapor flow. Lockhart and 
Martinelli were successful in correlating their two-phase multipliers with this parameter. 
They were also successful in correlating the void fraction with the Lockhart-Martinelli 
parameter. 
Martinelli and Nelson [1948] studied diabatic flows and assumed that the frictional 
component of pressure drop was the same as would be experienced in adiabatic flow at the 
same conditions. Therefore, only the acceleration component was left to be correlated. 
This can be computed by integrating the first term in Eq. (2.1). This yields: 
-Ap =G2.{[ x!n + (I-Xoat )2 o ]_[ x! + (1-Xm)2]} 
• Pv . aoat PI· (1- aout ) Pv . aiD PI . (1- aiD) (2.7) 
where the quality and void fraction, a, must be evaluated at the inlet and outlet conditions. 
2.1.4 Heat transfer coefficient correlations 
There are many two-phase heat transfer coefficient correlations in the literature. 
They are commonly grouped based on two aspects of the correlation. The fIrst 
classification is determined by whether the correlation is for local or average heat transfer 
, coefficients. Local heat transfer coefficients are computed over small quality changes, as in 
this study. This allows the dependence on quality to be determined. This is important for 
the optimization of heat exchangers where the heat transfer characteristics must be known at 
every location. Average heat transfer coefficients are typically computed for full 
evaporation; therefore, no quality dependence can be determined. These are used when 
knowledge of local behavior is not necessary. 
The second classification is based on how the two components of heat transfer are 
combined to compute the overall two-phase heat transfer coefficient. In early investigations 
such as Chaddock and Noerager [1966], the analyses were based on the premise that the 
mechanism of heat transfer in two-phase flow was similar to that in single-phase forced 
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convection. By applying Reynolds's analogy, the ratio of the two-phase heat transfer 
coefficient to the single-phase liquid heat transfer coefficient was correlated as a function of 
the Lockhart-Martinelli parameter. The form of these correlations is: 
~=f(_l J 
hI Xu 
(2.8) .. 
The additive or superposition model was first introduced by Rohsenow [1952] and· 
later used in the Chen [1966] and Jung and Radermacher [1989] correlations. In this 
model, the overall two-phase heat transfer coefficient is computed as the weighted sum of 
the nucleate and convective boiling conttibutions. The fann of this model is: 
hlp = w cb . hcb + W Db • h.., (2.9) 
where w cb and w Db are the appropriate weighting factors for the convective and nucleate 
boiling conttibutions respectively. Several correlations such as Shaw [1976, 1982] and 
Kandlikar [1990] are variations of this model. In these correlations, several heat transfer 
coefficients are computed, one for each important heat transfer regime. The overall two-
phase heat transfer coefficient is then based on the largest of these individual heat transfer 
coefficients. Continuity, in this "greater of the two" model, between the different regimes 
is obtained by appropriately weighting each heat transfer coeffiCient based on the flow 
parameters. 
A third form is the asymptotic form fust proposed by Kutateladze [1961]. In this 
model, the convective and nucleate boiling conttibutions are added with a power type law. 
The form of these correlations is: 
(2.10) 
If the exponent is unity, this becomes the additive model. If the exponent approaches 
infinity, it resembles the "greater of the two" model [Wattelet. 1994a,b]. 
The more recent correlation of Wattelet [1994a,b] employs . the latter asymptotic 
form. This correlation was developed from refrigerant data that was collected with the 
same experimental apparatus as used in this study and is employed later in chapter 5 to 
predict heat transfer coefficients; thus, a more detailed discussion is warranted. The main 
feature of this correlation is that it simultaneously accounts for convective and nucleate 
boiling. The weaker conttibution is automatically suppressed. The convective boiling 
.. 
conttibution is composed of three terms. The first is a two-phase multiplier based on the 
Lockhart-Martinelli parameter, F. The second is a single-phase heat transfer coefficient 
given by the Dittus-BoelterJ1930] correlation, hI. Finally, the third term is a Froude 
number specific term that accounts for stratification effects found at low flow rates, R. The 
nucleate boiling conttibution is given by the pool boiling correlation of Cooper [1989]. In 
its final form, the Wattelet correlation is given by: 
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hlp = (h:" + h:b)Yn , n = 2.5 
hob = 55· (q,,)o067 . MW;o°5 . (Pr)Oo12 . [-loglO(P r)]-0055 
hcb = F·h1 • R 
F = 1 + 1. 925. X:083 
.. hl = 0.023· :~ . Rer·s. Prr·4 
1 
R=1.32·Fr~·2, forFrl <0.25 
R = 1 , for Frl ~ 0.25 
(2.11) 
(2.12) 
(2.13) 
(2.14) 
(2.15) 
(2. 16a) 
(2.16b) 
where MW r is the molecular weight of the refrigerant and P r is the reduced pressure. 
The heat flux, q", must have units ofW/m2. This correlation has been shown to accurately 
correlate two-phase heat transfer coefficients for several different refrigerants over a wide 
range of flow conditions [Wattelet, 1994a,b,c]. 
2.1.S Pressure drop correlations 
Pressure drop correlations are based on either the homogeneous model or the 
separated model, as described in section 2.1.3. Pierre [1964] developed a correlation 
based on the homogeneous flow model. This correlation has a limited range of 
applicability and care must be exercised when using it The pressure drop correlation used 
in this study is that of Souza [1992]. It employs the separated flow model. The frictional 
component is given by a single-phase pressure drop multiplied by a two-phase multiplier, 
cpr, which is based on the Lockhart-Martinelli parameter. The acceleration pressure drop is 
calculated as described in section 21.3 with the Zivi [1964] void fraction correlation. The 
gravitational component is neglected. In its final form, the Souza pressure drop correlation 
is given as: 
aplp = aP. + aPf 
aPf = aPI . cP; 
2· fl .02 . (1-x)2. Ldp 
aPI=--~--------~-~ 
PI ·di 
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(2.17) 
(2.18) 
(2.19) 
(2.20) 
(2.21) 
forO< Frl~0.1: 
c1 = 4.172 + 5.48· Frl -1.564· Fr; 
c2 = 1. 773 - 0.169· Frl 
for Fr1>O.7: 
c1 = 7.242 
C2 = 1.655 
2.2 Properties of. Refrigerant-Oil Mixtures 
(2.22a) 
(2.22b) 
(2.23a) 
(2.23b) 
(2.24) 
(2.25) 
In this section, information is presented on the thermophysical properties of the 
refrigerant-oil mixture used in this study. In order to compute mixture properties, the 
properties of the components must be known. Properties for the lubricant and refrigerant 
are discussed in section 2.2.1. In section 2.2.2, background information is presented 
concerning the computation of the oil concentration and solubility of the refrigerant-oil 
mixture. Finally in section 2.2.3, the properties of the refrigerant-oil mixture are presented 
along with the computational methods used to obtain them. 
2.2.1 Lubricant properties 
The oil used in this study is··a mixed acid pentaerythritol polyester manufactured by 
ICI. The trade name of the oil is Emkarate RL 32S. The working fluid for this study is a 
mixture of HFC-134a and small amounts of this oil. Important properties for the oil and 
pure R-l34a at 41°F (5 °C) are listed in table 2.1. These data were obtained from curve fits 
of oil and refrigerant data provided by ICI and duPont respectively. The kinematic 
viscosity of the oil at 100 OP (38°C) is approximately 166 SUS .. 
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T hI 21 Th h . al a e .. ennopllYSlC fEmkara RL 32S d R 134a 41°F (5 °C) .ueso te an - at . 
Emkarate RL 32S R-134a 
PI 61.2lb/ft3 (979 kgfm3) 79.8Ib/ft3 (1276.7 kg/m3) 
Pv N/A 1.0741b/ft3 (17.22 kg/m3) 
J.1I 20.7 cPs 0.025 cPs 
J.1v N/A 0.00112 cPs 
kI 0.094 BtuIhr-ft-op (0.163 W/m-°C) 0.054 BtuIhr-ft-op (0.093 W/m_OC) 
CpI 0.4825 Btu/lb-°F (2.02 kJ/kg_OC) 0.3233 Btu/lb-op (1.35 kJ/kg_OC) 
It is interesting to compare the properties of pure R -134a and the oil. The liquid 
densities and liquid specific heats are of the same order of magnitude. The liquid thennal 
conductivity of the oil is almost twice that of the refrigerant; thus, heat is conducted better 
through the oil than through the refrigerant The largest difference is found in the liquid 
absolute viscosities. The oil has a viscosity three orders of magnitude larger than the 
refrigerant This is important since the convective heat transfer and pressure drop depend 
on the viscosity. 
Another property of·the oil that becomes important when looking at refrigerant-oil 
mixtures is the vapor pressure. The vapor pressure of the oil is quite small compared to 
that of the refrigerant [ASHRAE, 1984]. Thome [1995] states that the vapor pressure of 
the oil is on the order of one-millionth that of the refrigerant. It follows that the amount of 
oil in the vapor phase is negligible [Spauschus, 1963]; thus, the oil remains in the liquid 
phase during evaporation of the refrigerant-oil mixture. This is fortunate in mixture 
analysis since vapor compositions need not be determined. 
2 .. 2.2 Refrigerant-oil mixture analysis 
Before computing the properties of the refrigerant-oil mixture, some background 
information is necessary. One important aspect of the mixture is its miscibility 
characteristics. Oil can be completely miscible, partially miscible, or immiscible in a 
refrigerant depending on the mixture concentration and temperature. Complete miscibility 
is often desired since it assures proper oil return to the compressor. For partially miscible 
mixtures, phase stratification occurs. Typically, an oil-rich phase and a refrigerant-rich 
phase appear during evaporation. Immiscible oils are generally not used and usually fann a 
sludge like substance in the evaporator [Shah, 1975]. The heat transfer and pressure drop 
characteristics of the mixture depend on the miscibility. The oil used in this study is 
completely miscible in R-134a at a weight fraction of 10% for temperatures between 23 op 
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and 176 of (-5 to 80 °C). All of the test conditions fall within these limits. The following 
analysis assumes that the oil is completely miscible in the refrigerant. 
In order to do any type of mixture analysis, the local oil concentration must be 
known. The local oil concentration is a function of the amount of oil that is flowing 
through the evaporator as well as the local thermodynamic qUality. The amount of oil that 
is flowing is described by the nominal oil conCentration, Co. This is measured at a point 
where the refrigerant-oil mixture is in a subcooled state. The nominal oil concentration is 
given by: 
(2.26) 
where rilr is the mass flow rate of the refrigerant and rilo is the mass flow rate of the oil. 
During evaporation, the more volatile refrigerant vaporizes; however, as discussed 
, previously, the oil remains in the liquid phase. This causes the oil concentration in the 
liquid phase to increase. This is important since the heat transfer characteristics are 
determined by the liquid phase properties. There are two methods for computing the local 
oil concentration, C .. , depending on the defmition of the thermodynamic qUality. Eckles, 
Zoz, and Pate [1993] and Grebner and Crawford [1993a] define the quality based on only 
the mass flow of the refrigerant as follows: 
xr = ~ = . m.. (2.27) 
mr ml +my 
where rily and rill are the mass flow rates of the refrigerant vapor and liquid respectfully. 
The local oil concentration is then calculated by: .. 
C = Co rilo 
.. Co +(I-xr)·(I-Co) rill +rilo 
(2.28) 
Eq. (2.28) lea~ to a maximum thermodynamic quality of one when the local oil 
concentration is equal to one. A second definition of thermodynamic quality is found in 
Hambraeus [1993] and Thome [1995]. Here the quality is based on the total flow of 
refrigerant and oil and is defined as: 
(2.29) 
The local oil concentration is then determined by: 
C =~= mo .(2.30) 
.. I-x, rill +rilo 
This leads to a maximum thermodynamic quality of 1-Co when the local oil concentration 
is equal to one. The difference between Eqs. (2.27) and (2.29) is small with a maximum 
difference of 5% at the maximum quality and a nominal oil concentration of 5%. Figure 
2.5 shows how the local oil concenlI'ation varies with quality for both methods described 
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above. Differences appear only at qualities above 60%. Thennodynamic qualities in this 
study are calculated using Eq. (2.27). The computational method is described later in 
section 4.4.1. The local oil concentrations are then calculated using Eq. (2.28). 
The presence of oil in the refrigerant affects the saturation conditions. For a given 
pressure, the saturation temperature of the refrigerant-oil mixture will always be higher than 
the saturation temperature of the refrigerant. This becomes important at· high qualities 
where the local oil concentrations are high. Figure 2.6 shows solubility (saturation 
pressure-teMperature-concentration) curves for the oil and R-134a. These curves were 
computed from data provided by ICI. The effect of the oil on the vapor pressure is quite 
small for local oil concentrations below 40%. This is trend is also seen in Shao, Kraft, and 
Granryd [1992] for R-I34a and ester oils and in Thomas and Pham [1992] for R-134a and 
PAG oils. At local oil concentrations above 40%, the saturation pressure for a given 
temperature falls dramati~y. 
As a result of this change in saturation conditions, apparently superheated 
refrigerant may exist in equilibrium with a liquid mixture of refrigerant and oil [Grebner 
and Crawford, 1993b]. The apparent superheat is defined as the difference between the 
saturation temperature of the refrigerant-oil mixture and the saturation temperature of pure 
refrigerant at a given pressure. Two empirical solubility models for ester oils and R-I34a 
were located in the literature. Grebner and Crawford [1993b] developed a correlation for a 
dimensionless apparent degree of superheat based on the mixture temperature, the 
saturation temperature of the pure refrigerant, and the vapor pressure of the mixture. In 
equation form the model is given as: 
T* =Cx ·(Bt +~ .p) 
T* = T-T .. (p) 
T .. (p) 
B =a + a2 
1 1 (1- Cx)O.S 
(2.31) 
(2.32) 
(2.33) 
(2.34) 
where all temperatures are in R and pressures are in psia. The local oil concentration is 
defined as in Eq. (2.28). The constants a1 through a7 found in Eqs. (2.36) and (2.37) 
depend on the refrigerant/oil combination. For R-I34a and ester oil they are: 
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a1 =-5.4964676e-2 
a2=5.1860596e-2 
a3=1.3049085e-3 
a4 =-2. 1282918e-3 
as=1.1342558e-3 
a,=-2.1369437e-4 
a,=1.5013213e-5 
(2.35a) 
(2.35b) 
(2.35c) 
(2.35d)' 
(2.35e) 
(2.35f) 
(2.35g) 
Eckles, Zoz, and Pate [1993] also developed a solubility model based on the local oil' 
concentration and mixture pressure. In equation form it is given by: 
T = do + d1 ·In(p) + d2 • Cx + d3 ·In(p)· Cx + d4 ·In(p)' C! (2.36) 
where Cx is defined by Eq. (2.28). Two ester oils denoted as 169 SUS and 369 SUS 
were used in the development of Eq. (2.36). The coefficients do through d, for R-134a 
and the 169 SUS oil are listed below: 
do=241.1137 
d1=-16.101061 
d2=-9.0866 
d3=1.745585 
d4=-1.3159 
ds=3.83 
d,=11.285984 
(2.37a) 
(2. 37b) 
(2.37c) 
(2.37d) 
(2.37e) 
(2.37f) 
(2.37g) 
The two models were used to compute the apparent superheat for a nominal oil 
concentration of 5%. Figure 2.7 presents the results. ~t qualities below 80%, as defmed 
in Eq. (2.27), both models predict an apparent superheat of .bout 0.9 OF (0.5 ~C).· At 
qualities above 90%, the model of Grebner and Crawford predicts higher degrees of 
superheat than the Eckles, Zoz, and Pate model. Also shown in figure 2.7 are points 
computed from ICI solubility data. These fall in between the results of the two models. 
This is expected since the oils used in the development of the models are similar to the one 
used in this study. 
2.2.3 Refrigerant-oil mixture properties 
Assuming that volume is an additive quality, the liquid density of a refrigerant-oil 
mixture can be computed as follows: 
P _ Pl,r 
l,mix - 1-Cx • (1- Pl,r ) 
Pl,o 
(2.38) 
where the subscripts mix, r, and 0 stand for mixture, refrigerant, and oil respectively. 
Refrigerant-oil mixtures may not mix ideally as pointed out in ASHRAE [1984]. A density 
correction factor which is dependent on the oil concentration and the mixture temperature is 
'. often ·used to correct Eq. (2.38). A mixture equation was provided by ICI which is based 
on the mixture temperature: 
PI,mix = (256.49 - 0.801 05· T) . (1- Cx) + PI,o (2.39) 
where the densities are in kg/m3 and temperature is in °C. This equation was developed for 
mixtures with large oil concentrations and the accuracy of it is unknown for oil 
concentrations below 65%. The variation of the mixture density with local oil 
concentration at 41°F (5 °C) is shown in figure 2.8. Above oil concentrations of 40%, 
Eqs. (2.38) and (2.39) yield the same mixture densities. Below oil concentrations of 40%, 
the ICI mixing equation predicts a mixture density that is lower than ideal. The pure 
refrigerant density, Cx=O, predicted by Eq. (2.39) is about 3.5% below the published 
value. Therefore, care must be used when using Eq. (2.39) in mixture calculations at low 
oil concentrations. 
The liquid specific heat of the mixture can be calculated as a mass average of the 
individual specific heats [Jensen and Jackman, 1984] as follows: 
Cpl,mix = Cx . Cpl,o + (1- Cx) . Cpl,r (2.40) 
The variation of the mixture specific heat with local oil concentration at 41°F (5 °C) is 
shown in figure 2.9. The specific heat increases linearly as the oil concentration increases. 
The liquid thermal conductivity of tile refrigerant-oil mixture can be calculated from 
a binary mixture equation found in Baustian [1986]: 
kl.mix = kl,r' (1- Cx) + kl,O • Cx - 0.72· (kl,o - kl,r)' Cx . (1- Cx) (2.41) 
The variation of the mixture thennal conductivity with local oil concentration at 41°F (5 °C) 
is shown in figure 2.10. The mixture thermal conductivity is always below that based on 
weight averaging. This is caused by interactions between the individual components. 
Several mixture equations were found for liquid absolute viscosity. Jensen and 
Jackman [1986] list four equations and compare each of them to experimental data. The 
equation that best predicted the data was that of Kendall and Monroe [1917] which is given 
by: 
II _ (y 11 0.33 + Y II 0.33)3 
r-l.mix - r • r-l,r 0 • r-l,o (2.42) 
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where y r is the mole fraction of liquid refrigerant and Yo is the mole fraction of the 
lubricant. Using the defmitions of nominal oil concentration, thermodynamic quality, and 
local oil concentration given in Eqs. (2.26), (2.27), and (2.28) respectively, the mole 
fractions can be represented as follows: 
MW Yo = r MW,+e~~JMW. (2.43) 
Yr = I-yo (2.44) 
where MW r and MW 0 are the molecular weights of the refrigerant and the oil respectively. 
The variation of the mixture absolute viscosity with local oil concentration at 41 OP (5 °C) is 
shown in figure 2.10. The ordinate is a log scale and it is clear that only a small oil 
concentration is required to dramatically increase the mixture viscosity. 
Another property which has not been mentioned but is nonetheless important is 
surface tension. The surface tension of the oil is larger than that of the pure refrigerant; 
thus, one would expect the mixture surface tension to be greater than that of the pure 
refrigerant. Wallner and Dick [1975] report a decrease in mixture surface tension at low oil 
concentrations. However, Burkhardt and Hahne [1979] do not report a decrease and state 
that the decrease seen by Wallner and Dick is within the experimental uncertainty. Jensen 
and Jackman [1984] present a mixture equation which predicts an increase in mixture' 
surface tension for increasing oil concentrations. This seems to be consistent with other 
literature which refer to surface tension in a qualitative manner. 
2.3 Oil Effects 
The presence of small aIl101,Ults of oil in an evaporator can hare a profound effect on 
the heat transfer and pressure drop. In section 2.3.1, the 'effect of oil on pool boiling is 
discussed. Although not direcdy related to this study, the mechanisms of pool boiling are 
similar to those of nucleate boiling in tubes. The effects of oil on flow boiling are 
discussed in section 2.3.2. These effects are due to either thermophysical property 
variations or hydrodynamic effects that influence the flow pattern. Finally in section 2.3.3, 
the effect of oil on two-phase pressure drop is discussed. 
2.3.1 Effect of oil on pool boiling 
Various studies have shown that under almost all conditions the presence of oil 
reduces the pool boiling heat transfer coefficient. The only exceptions occur at low oil 
concentrations, below 3%, and low saturation temperatures. Burkhardt and Hahne [1979] 
collected data on mixtures of R -11 and napthenic based oils. They report that at low oil 
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concentrations and heat fluxes, the heat transfer coefficient increases slightly over that of 
the pure refrigerant and reaches a maximum at an oil concentration between 3% and 4%. 
At higher heat fluxes, the heat transfer coefficient is reduced. They attribute the increase to 
surface tension effects; however, they note that surface tension alone does not fully explain 
the experimental data. 
Similar heat transfer coefficient trends are found in Dougherty and Sauer [1974]. 
They tested mixtures ofR-ll and R-l ~3 and paraffm based oils. Oil concentrations below 
3% resulted in small increases in the heat transfer coefficient. At larger concentrations, 
between 7% and 10%, the heat transfer coefficient decreased by as much as 60%. 
Sauer, Gibson, and Chongrongreong [1978] present consistent results for R-12 
and paraffin oils. Boiling performance was found to be influenced by both oil 
concentration and mixture viscosity. Foaming was cited as the reason for the increase in 
heat transfer coefficients at low oil concentrations. At higher concentrations, the heat 
transfer coefficient decreased due to the retardation of bubble motion in the oil-rich layer 
adjacent to the heated surface. This effect increased as the hear flux increased. 
Chongrongreong and Sauer [1980] explain the viscosity dependence. The 
turbulence caused by bubble formation depends on the liquid viscosity. Even small 
amounts of oil result in an increased mixture visc,?sity. This causes a decrease in the 
turbulence; thus, a decrease in the heat transfer coefficient results. It is interesting to note 
that surface tension effects are considered negligible, except for the lowest heat fluxes, in 
the development of their boiling model. Large heat fluxes reduce the time required for a 
bubble to reach the break-away diameter; thus, the shortened time scale prevents surface 
tension effects from becoming important in the formation of the bubble. 
Jensen and Jackman [1984] present a model of pool boiling for refrigerant-oil 
mixtures. As a bubble grows on the heated surface, the refrigerant evaporates into the 
bubble interior. The oil, being much less volatile than the refrigerant, remains in the liquid 
layer. The result is an oil-rich layer that surrounds the bubble. This layer presents an 
additional diffusion resistance and subsequently the bubble growth rate decreases. This 
leads to the reduction in the heat transfer coefficient. 
Wallner and Dick [1975] also mention this diffusion resistance. They also explore 
the surface tension effect in detail. It is concluded that refrigerant-oil mixtures exhibit 
"special interfacial effects" at low oil concentrations which lead to the initial increase in the 
heat transfer coefficient. At high concentrations, this effect disappears and the diffusion 
resistance dominates. 
16 
2.3.2 Effect of oil on now boiling 
The effects of lubricating oil on two-phase, in-tube heat transfer have been studied 
for over 40 years. The flI'St comprehensive study is that of Worsoe-Schmidt [1960]. He 
compiled local heat transfer coefficients for mixtures of R -12 and 0-10% mineral oil. He 
reported an increase in heat transfer coefficient over that of pure refrigerant at low qualities 
while at higher qualities, the heat transfer coefficient decreased. The maximum increase 
was approximately 50% and occurred at an oil concentration of 2%. The reason given for 
this behavior is tube wetting. As the refrigerant evaporates, an oil-rich layer and a 
refrigerant-rich layer fmm. The surface tension of the oil-rich layer is much larger than that 
of the refrigerant-rich layer. Therefore, the liquid is drawn up the tube walls by the surface 
tension gradient. This leads to an annular type of flow pattern and increased heat transfer 
coefficients. Worsoe-Schmidt states that annular flow appeared only a short distance from 
the inlet of the evaporator. The increase in surface tension, thus, has positive and negative 
effects on the heat transfer. The increase in the heat transfer coefficient is further enhanced 
by·. the fact that the thermal resistance is reduced by the decrease in the thickness of the 
liquid layer. 
Green and Furse [1963] studied mixtures of R-12 and wax free oils. At an oil 
concentration of 4.7%, the average heat transfer coefficients were as much as 80% higher 
than pure refrigerant data. The heat transfer coefficient decreased as the oil concentration 
was increased further. The authors describe competing effects between the increase in 
mixture viscosity and specific heat, which tend to reduce the heat transfer coefficient, and 
the increase surface tension, which would increase the heat transfer coefficient due to the 
flow regime transition. Tube wetting is also postulated as an enhancing effect The oil acts 
as a wetting agent, reducing the area of contact between the vapor bubble and the heated 
surface. This leaves a larger area for the conduction of h~t into the liquid. 
Chaddock and Mathur [1980] report local heat transfer coefficients for R-22/mineral 
oil mixtures. A 20-30% increase in heat transfer coefficient was observed for oil 
concentrations below 3%. Schlager, Pate, and Bergles [1988] reported similar fmdings. 
The maximum enhancement in their study was 35% at an oil concentration of 2.5%. 
A correlation for local heat transfer coefficients is presented by Tichy, Duvall, and 
Macken [1986]. It is complicated with coefficients depending on the oil concentration. No 
mass flux dependence is included in the correlation. It predicts 85% of their experimental 
data to within 35%. Schlager, Pate, and Bergles [1990] present several correlations for 
average heat transfer coefficients. Exponential and polynomial versions were developed 
based on superposition methods as well as statistical methods. The better correlations 
predict the experimental data to within 10%. Panek [1992] presents a third correlation for 
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R-I2/oil and R-134a1oil mixtures. The ratio of the mixture heat transfer coefficient to the 
single-phase liquid heat transfer coefficient is correlated with the Lockhart-Martinelli 
parameter similar to the correlation of Chaddock and Noerager [1966]. It is given as 
follows: 
~_ 3.686 
hI - X~·S63 (2.45) 
The mean deviations between the predicted and experimental heat transfer coefficients were 
below 12%. 
Hambraeus [1993] presents results for R-134a and ester oils that are slightly 
different than those listed above. She fmds that for most conditions tested, the local heat 
transfer coefficient is degraded. Only data taken at low mass fluxes and heat fluxes 
showed any increase. This is not consistent with Eckles, Doerr, and Pate [1994] who also 
tested R -134a1ester oil mixtures. They reported a heat transfer enhancement at low mass 
fluxes up to an oil concentration of about 3%. This data is more consistent with previous 
studies. 
2.3.3 Effect of oil on pressure drop. 
The addition of oil generally increases the two-phase pressure drop. The increase is 
due to an increase in the frictional pressure drop. The acceleration component remains 
virtually unchanged. Pierre [1964] found that the presence of oil significantly increased the 
pressure drop and he accounted for this in his friction factor correlations. Tichy et al. 
[1986] report a 63% to 86% increase in the pressure drop. The promotion of annular flow 
is given as one reason for the increase because the phase velocities and, hence, the shear 
stresses increase as the flow transition occurs. A correlation is presented based on the 
pressure drop for the pure refrigerant and a correction factor which is a function of the oil 
concentration. 
Schlager, Pate, and Bergles [1989] present pressure drop data for R-22/oil mixtures 
and Eckles, Doerr, and Pate [1994] present data for R-l34a1ester oil mixtures. The same 
trends are observed in both studies. Increasing oil concentration and increasing mass flux 
both result in an increase in the pressure drop. Different viscosity oils were tested in both 
studies and it is interesting that no viscosity dependence is observed. Panek [1992] also 
reports data that is consistent with the above studies. 
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CHAPTER 3 
EXPERIMENTAL FACILITY 
The experimental heat transfer and pressure drop data presented in this study were" 
obtained from a single tube evaporator test facility. Designed and built by Wattelet [1989], 
this facility allows in-tube flow boiling data to be collected at a variety of flow conditions. 
This chapter provides a summary of the three main components of the test facility. The 
refrigerant loop, the chiller system, and the horizontal evaporator test section are described: ' 
in section 3.1. In addition, the controls to the various components of the refrigerant loop 
and chiller system are outlined. Section 3.2 is devoted to the important instrumentation 
found on the refrigerant loop and test section. Pressure, temperature, power input, and 
refrigerant mass flow rate measurements are discussed. The hardware and software 
employed in the data acquisition system are described in section 3.3. Pertinent data 
acquisition procedures are also outlined. Finally in section 3.4, the data reduction 
programs are examined. Emphasis is placed on how the various flow properties and 
parameters are calculated. 
3.1 Single Tube Evaporator Test Facility 
The test facility used in this study was designed and built for the sole purpose of 
obtaining in-tube flow boiling heat transfer and pressure drop data. The accuracy and 
reliability of this apparams is well documented in several previous studies which have used 
the same facility: Panek [1992], Christofferson [1993], and Wattelet [1994a,b,c]. For this 
reason, only a concise description of the three main components of the test facility is 
provided here. 
3.1.1 Refrigerant loop 
" 
The purpose of the refrigerant loop is to supply a working fluid at given flow 
conditions to the inlet of the evaporator test section. In this study, the working fluid is a 
mixture ofR-134a and an ester based synthetic oil. Standard 0.5 in (12.7 mm) o.d copper 
tubing is used to connect the various parts of the refrigerant loop. A schemati~, of the 
refrigerant loop is given in figure 3.1. 
The working fluid is circulated through the refrigerant loop by a variable speed gear 
pump. The use of a pump instead of the more conventional compressor and expansion 
valve combination allows either'pure refrigerants or refrigerant-oil mixtures of known oil 
concentrations to be tested. It also allows ,~e direct control of the refrigerant mass flow 
rate via the pump speed controller and a bypass system which di~erts refrigerant back into 
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the condenser. The bypass must be used at flow rates below 22Oxl03 Ibm/ft2-hr 
(300 kg/m2-s) to prevent any oscillations in the flow caused by low pump speeds. 
After passing through the gear pump, the subcooled refrigerant passes through the 
refrigerant flow meter, which is discussed further in section 3.2.3, and enters the 
preheater. The preheater is a three pass serpentine section of tubing in which the refrigerant 
passes through an annulus created by a 0.375 in (9.5 mm) o.d. copper outer tube and a 
.. 0.875 .. in (22.2 mm) o.d. inner tube. The oliter tube is wrapped longitudinally with eleven 
electrical resistance heaters. These heaters are used to control the thermodynamic quality of 
the refrigerant entering the test section. The heaters provide approximately 1700 Btu/hr 
(500 W) each and are manually controlled by four on/off switches as well as a 115 V 
variac. The required quality is obtained with the proper combination of the on/off switches 
and the variac setting. 
Upon exiting the preheater, the two-phase refrigerant flows through the horizontal, 
single tube, evaporator test section. Bulk fluid temperatures, sUrface temperatures, and the 
heat input are measured so that the heat transfer coefficient can be calculated. The pressure 
drop across the test section is also measured. Sight glasses mounted before and after the 
test section allow visual observation of the flow. A more detailed description of the 
evaporator test section is given in section 3.1.3. 
A helical, countercurrent condenser is used to cool the two-phase refrigerant and 
return it to a subcooled state. The heat given up by the refrigerant in the condenser is 
removed by the chiller system. A filter/dryer located at the pump inlet removes moisture 
and contaminants from the refrigerant before it is recirculated through the loop. 
The refrigerant loop is fitted with three charging ports located conveniently at the 
pump inlet, preheater inlet, and just bey~.the exit of the test section. Liquid refrigerant is 
added and removed at the pump inlet. This charging port is also used to inject the oil into 
the refrigerant loop. The port after the test section is used to add refrigerant vapor or 
extract a two-phase mixture. Finally, since the port located at the preheater inlet is at the 
same level as the test section, it is used to extract subcooled liquid samples for oil 
concentration measurement. 
3.1.2 Chiller system 
The sole purpose of the chiller system is to remove excess heat from the refrigerant 
in the refrigerant condenser. The heat rejected by the refrigerant in the condenser is first 
absorbed by an antifreeze loop, then passed to an R-502 system, and finally removed by 
the municipal water supply. Figure 3.2 shows a schematic of the entire chiller system. 
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The antifreeze loop consists of a large 50 Ibm (23 kg) reservoir of a 50/50 mixture 
of ethylene glycol and water. The antifreeze is ciIculated through the loop and into the 
refrigerant condenser by two glycol pumps. There is no direct control of the glycol flow 
rate; however, it is monitored by a turbine flow meter. A 30,600 Btu/hr (9000 W) false 
load heater located in the glycol loop is used to control the amount of heat that is removed 
from the refrigerant in the condenser by either increasing or decreasing the glycol reservoir 
temperature. A large shell and tube heat exchaQger is used to pass the heat from the 
antifreeze loop to the R-502 system. 
The R-502 loop is a standard vapor compression refrigeration system. Its operation 
is tied to a manually controlled set point temperature. H the set point temperature is below 
the glycol reservoir temperature the R-502 compressor tmns on. Two separate thermostatic 
expansion valves can be employed. A high temperature valve allows high capacity heat 
removal rates while a low temperature valve allows much lower heat removal rates. Which 
thermostatic expansion valve is being used is controlled manually by a switch. The 
municipal water supply removes the heat from the R-502 condenser. 
The chiller system is used to control the saturation temperature of the refrigerant 
entering the test section. By altering the chiller system's heat removal rate, the refrigerant 
temperature can be increased, decreased, or by matching the heat input rate to the chiller 
system in the condenser, maintained at steady state. This is accomplished by employing an 
artificially low set point temperature so that the R-502 compressor does not cycle off and 
then manually adjusting the heat input rate of the false load heater. The chiller is turned off 
only when a large increase in the refrigerant te~ture is required.. 
3.1.3 Test section 
The heat transfer and pressure drop data presented herein were collected in a 
horizontal evaporator test section. The test section is not a separate component of the test 
facility, rather it is a part of the refrigerant loop. The test section is designed to simulate a 
single pass in a refrigeration system evaporator. A commercially available 0.375 in 
(9.5 mm) o.d copper tube was used to fabricate the test section. The test section has an 
inner diameter of 0.305 in (7.8 mm) and a total length of 64 in (1.63 m). 
Heat is applied to the test section via four electrical resistance heaters, similar to the 
ones used in the preheater. The heaters are 12 in long (305 mm), 1.16 in (29.5 mm) wide 
and are made of Kapton. An aluminum foil backing is added to the underside of the heaters 
to distribute the heat more evenly. Located symmetrically about the midpoint of the test 
section, they are wrapped longitudinally around the outside of the tube and are held tightly 
against the tube wall by self-adhering stretch tape. The outside ciIcumference of the-tube is 
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1.18 in (29.9 nun); thus, there is an approximately 0.02 in (0.5 nun) gap between the 
mating edges of the heaters when wrapped on the tube. To reduce the non-unifonnity of 
the heat input created by this gap, the heaters are positioned so that the gaps alternate 
between the top and bottom of the tube. 
The voltage supplied to the four heaters is controlled by a 115 V variac. The four 
heaters are wired in parallel providing a maximum heat input to the test section of 
3,128 Btu/hr (920 W). This transl~tes 'into a maximum heat flux of approximately 
··9,830 Btu/hr-ft2 (31kW/m2). To reduce any heat gain or loss from the environment, the 
entire test section is covered with four layers of tight fitting foam insulation. 
Bulk fluid and surface temperatures are measured by type-T (copper-constantan) 
thermocouples. The method used to· mount each thermocouple to the test section has 
evolved through extensive trial and error. Each is soldered in a groove 0.02 in (0.5 mm) 
deep that are machined longitudinally in the outside of the tube. The solder bead is then 
carefully sanded flush with the top of the groove and a thin layer of thermally conducting 
epoxy is placed over the bead to ensure that there are no bare sections of wire. This 
mounting technique has proven to provide the most accurate temperature measurement. 
Figure 3.3 shows schematically how each thermocouple is mounted to the test section. 
Test section surface temperatures are meas~ by nineteen thermocouples located 
along the heated portion of the test section. Figure 3.4 shows the location of the surface 
thermocouples on the test section. Ten are located along the gaps in the heaters while the 
rest are located under the heaters at three axial locations along the tube. This allows two 
different heat transfer coefficients to be calculated; one based on the surface temperatures 
measured in the gaps and one based on the surface temperatures measured under the 
heaters. By comparing single-phase heat transfer coefficients with standard correlations, it 
~as determined that the surface temperatures measured under the heaters are more accurate. 
Therefore, only the surface temperatures measured under the heaters are used to calculate 
the heat transfer coefficients presented in this study. 
The inlet bulk fluid temperature is measured by two thermocouples located at the 
top and bottom of the tube 2.25 in (57 nun) from the entrance of the test section. The outlet 
bulk fluid temperature is measured in a similar manner by two thermocouples located 4 in 
(102 mm) from the exit of the test section. These four thermocouples are located far 
enough away from the heaters that their readings are not influenced by the heat addition. 
Figure 3.4 shows the location of the four bulk fluid thermocouples. 
The choice of wrapping the heaters longitudinally instead of helically, as done in 
previous studies, was made in order to eliminate erroneous surface temperature 
measurements. Preliminary single-phase and two-phase heat transfer coefficients were 
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consistently 10%-30% below standard correlations. With the exception of the surface 
temperature measurement, the accuracy of all other variables can be determined by 
secondary or indirect methods. With rigorous troubleshooting it was determined that the 
error in the heat transfer coefficients was caused by artificially high surface temperatures. 
It is believed that the helically wrapped heaters were somehow affecting the surface 
temperatures. The longitudinal wrapping was the only method that seemed to alleviate this 
problem. 
There are sight glasses located before and after the test section. They are made 
from 0.375 in (9.5 mm) o.d. tempered glass tubing and have an inside diameter of 0.21 in 
(5.3 mm). The sight glasses are used to verify that flow has been established and to 
visually observe the two-phase flow regime. 
The final aspect of the test section that needs to be addressed is pressure 
measurement Two pressure taps are located in the test section that allow the inlet pressure 
and the pressure drop across the test section to be measured. The pressure taps are 
fabricated by first brazing a small length of 0.125 in (3.2 mm) o.d. copper tubing to a 
0.375 in (9.5 mm) tube union. The union is soldered to the test section at the appropriate 
location. Then using a small numbered drill, the test section wall is pierced. Any burrs are 
carefully removed with a cotton swab or a small piece of emery cloth. Figure 3.4 shows 
the location of the pressure taps on the test section. 
3.2 Instrumentation 
Instrumentation of the refrigerant loop and test section include pressure, 
temperature, refrigerant mass flow, and power measurements. Each measurement is 
discussed separately in this section. In addition, specific calibration procedures are 
presented as well as ·the estimated uncertainty for each pi~ of equipment 
3.2.1 Pressure measurement 
Three absolute pressure transducers and one differential pressure transducer are 
used in the refrigerant loop to monitor the flow conditions. The locations of the pressure 
transducers in the refrigerant loop are noted in figure 3.1. A Setra 0 to 1,000 psia 
(0 to 7,000 kPa) pressure transducer is located at the pump inlet and two BEe 0 to 300 psia 
(0 to 2,100 lcPa) strain-gage type pressure transducers are located at the entrances to the 
preheater and test section. Saturation temperatures based on the inlet and outlet pressures 
of the test section provide a check on the measured inlet and outlet bulk: fluid temperatures. 
The pressure drop across the test section is measured by a Sensotec 0 to 5 psid 
(0 to 35 lcPa) differential pressure transducer. A primary standard dead weight tester was 
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used to determine linear calibration curves for all four sensors. The uncertainty of the 
pressure measurement after calibration is estimated to be ±3% of the full scale reading. 
3.2.2 Temperature measurement 
Aside from the thermocouples used to measure the bulk fluid and surface 
temperatures in the test section, temperatures around the refrigerant loop are monitored by 
type T: ungrounded thermocouple probes. The probes are located at the pump inlet and 
exit, at the entranCe to the preheater, and at the test section inlet. These locations are noted 
in figure 3.1. All of the temperature readings are referenced to an ice bath maintained at 
32 OF (0 °C). The thennocouples and probes were calibrated over a range of 18 to 104 OF 
(-8 to 40 °C) in an isothermal bath using NIST traceable thermometers. Separate calibration 
curves were computed for each spool of wire used. The estimated uncertainty of the 
temperature measuremen~ is ±O.4 OF (0.2 °C). 
3.2.3 Refrigerant mass flow measurement 
The mass flow rate of the' refrigerant in the refrigerant loop is measured by a 
Micromotion, Coriolis-type flow meter. Located between the gear pump and the preheater, 
the unit has small inlet and exit orifices in order to eliminate any flow oscillations. The 
flow meter was factory calibrated with a maximum flow rate of 6.21bm/min (0.047 kg/s). 
3.2.4 Power measurement 
Two Ohio Semitronics watt transducers are used to measure the preheater power. 
A 0 to 10,000 W (0 to 34,000 BtuIhr) transducer is used for the heaters controlled by the 
on/off switches and a 0 to 1,000 W (0 to 3,400 BtuIhr) transducer measures the power to 
the variac controlled heaters. The power input to the four test section heaters is measured 
by an Ohio Semitronics 0 to 5,000 VI (0 to 17,000 Btu/hr) watt transducer. The 
uncertainty of the power measurements are ±O.2% of the reading, per factory 
specifications. 
3.3 Data Acquisition and Reduction 
The date acquisition system is used to monitor the flow conditions as well as record 
the data once all of the conditions are set and steady state is reached. The hardware and 
software used to collect the data is described in sections 3.3.1 and 3.3.2. Any procedures 
that are followed in the acquisition of the data are also outlined. In section 3.3.3 the data 
reduction program is described. It is used to compute the important flow parameters as 
well as the heat transfer coefficients from raw data tables. 
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3.3.1 Data acquisition system hardware 
The data acquisition hardware consists of six Strawberry TreeN terminal panels, 
four Strawberry TreeN data acquisition boards, and a MacintoshN IT personal computer. 
The terminals in four of the terminal panels are located in large aluminum blocks. These 
are used for temperature measurement since it is important to keep all of the junctions at the 
same temperature. The other two terminal panels do not have this isothermal block and are 
used for pressure, power, and flow rate measurements. All six terminal panels are placed 
in plastic covers to eliminate any environmental interference. 
The terminal panels are connected to the data acquisition boards via 50 pin ribbon 
connectors. Two of the boards are 16 channel, 16 bit boards while the other two are 8 
channels, 16 bit. In addition, one of the 8 channel boards has two analog output channels. 
The control boards were specially calibrated with the terminal panels at the factory to ensure 
data integrity. The four data acquisition boards are installed inside the computer. The 
computer provides the link between the control boards and the data acquisition software. 
3.3.2 Data acquisition system software 
An icon driven data acquisition program from Strawberry TreeN is used to display 
and record the signals from the da~ acquisitio~ boards. The computational aspect of the 
data acquisition is handled by calculation blocks within the program. Calibration curves as 
well as curve fits of refrigerant properties are included in these blocks. The false load 
heater is manually controlled through the program using one of the analog output channels. 
All important flow conditions are displayed on the Screen and controlled accordingly. Once 
all conditions are set and steady state is reached, the data may be logged to disk in a tab-
delimited data file. Data is sampled and is capable of bei,ng recorded at 1 Hz. 
3.3.3 Data reduction program 
The data reduction program is used to average the raw data, compute all quantities 
of interest, and present the information in a useful format. It consists of three linked 
Microsoft Excel spreadsheets. The first spreadsheet contains the refrigerant property curve 
fits and all pertinent information about the test section. The raw data is copied into the 
second worksheet where all of the averaging and computation is performed. The actual 
computation method is discussed in detail in section 4.4.1. Finally, the third spreadsheet is 
a ledger sheet that presents the data in a useful and more legible manner to be printed and 
bound. 
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CHAPTER 4 
EXPERIMENTAL PROCEDURES 
This chapter describes the procedures used to collect and analyze the experimental 
data presented in this study. Section 4.1 outlines the operation of the experimental facility, 
including system preparation, system stan-up, and steady state operation. Section 4.2 
" describes the experimental objectives and the range over which the experimental data were 
collected. The method used to inject the oil into the system and the technique used to --
determine the flowing oil concentration are discussed in section 4.3. In section 4.4, the 
calculation of single-phase and two-phase heat transfer coefficients are described as well as 
the validation procedures used to ensure the accuracy of the data. Finally, the method by 
which the uncertainty in the experimental heat transfer coefficients is determined is 
discussed in section 4.5. 
4.1 System Operation 
To ensure the integrity of the experimental data, guidelines have been established 
for the preparation and operation of the test facility. Preparation of the facility includes leak 
checking and charging. These are described in section 4.1.1. The operating procedures 
that are followed to set the flow conditions are outlined in section 4.1.2. The order in 
which the data is collected is given in section 4.1.3. 
4.1.1 System preparation 
Before any heat transfer or pressure drop data can be collected, steps are taken to 
ensure that the test facility is in proper working order. Leak detection can be a frustrating 
process; however, it must be done each time the loop is modified or a new test section:" is 
installed. First, the refrigerant loop is c~arged with refrigerant vapor to about 100 psia 
(700 kPa). The pressure" readings are monitored to determine if leaks are present A soap 
and water solution or a halogen leak detector is used to locate the leaks. Repairs are made 
as necessary. Next, the loop is evacuated and left to sit overnight Again the pressures are 
monitored to determine if leaks remain and repairs are made as necessary. This process is 
repeated until the loop is leak free. 
Prior to charging the loop, it is evacuated for an extended period of time. Liquid 
refrigerant is typically added at the inlet of the pump. The driving pressure difference 
required to charge the loop is created by simultaneously heating the refrigerant canister with 
a heat gun and cooling the refrigerant in the loop with the chiller system. A scale is used to 
measure the amount of refrigerant added to the loop. 
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4.1.2 System start-up and operation 
Data collection can begin as soon as the refrigerant loop is charged. First, the gear 
pump is turned on and set to a moderately high speed. Once the flow is established, the 
glycol pumps and chiller system are turned on. At the same time, the water supply and 
waste lines are opened. Temperatures around the loop are monitored to ensure that the 
chiller system is working properly. 
There are four·flow parameters that are independently controlled for two-phase 
testing. These are: refrigerant mass flux, saturation temperature and thennodynamic quality 
of the refrigerant entering the test section (inlet saturation temperature and inlet quality), and 
the heat flux of the test section. For single-phase testing, oilly the mass flux and heat flux 
are controlled. To shorten any transient periods, the parameters are set in a particular 
order. First, the refrigerant mass flux is set by adjusting the pump speed and/or opening 
the bypass valves. The preheater power is then increased until the designated inlet quality 
is achieved; Next, the test section heat flux is set. Once the inlet saturation temperature 
nears the desired value, the false load heater is turned on to an appropriate setting based on 
the required heat input of the test to be run. Several adjustments are usually required to 
obtain the correct heat removal rate of the chiller. The flow conditions are then fine tuned 
and allowed to stabilize. 
4.1.3 Logging data 
Before a test is logged, the mass flux, inlet quality, and test section heat flux must 
be within ±5% of the target values. The inlet saturation temperature must be within 
±O.2 °C (0.4 oF) of the desired value. If the flow conditions stabilize and remain within the 
acceptable ranges for at least two minutes, steady state is assumed and the test is logged. 
Data is recorded for one minute and during this time th~ inlet and outiet flow regimes are 
visually observed and recorded. Once the testis complete, the necessary changes are made 
to the flow conditions for the next test and the loop is allowed to re-stabilize. 
All of the data can not be run with the same refrigerant charge. High heat input 
tests require less refrigerant than low heat input tests. The loop is initially charged with the 
minimum amount of refrigerant. The tests are then run in Older of decreasing heat input. 
Refrigerant is added as necessary so that subcooled liquid is present at the inlet to the 
preheater. This fact makes oil testing difficult and time consuming since each time 
refrigerant is added more oil must also be added. The nominal oil concentration must then 
be determined for each charge. 
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4.2 Experimental Scope 
This chapter describes the goals of the experimental investigation and the range over 
which the experimental data were collected. In section 4.2.1, the main goals of the study 
are discussed. In section 4.2.2, the basic flow condition matrices for heat transfer testing 
as well as superheat testing are outlined. 
4.2.1 .. Experimental objectives 
The following is a listing of the main goals of this study. 
1. Collect heat transfer and pressure drop data for mixtures of R-I34a and smalr 
amounts of an ester based synthetic oil in order to expand the understanding of the 
flow boiling characteristics of refrigerant-oil mixtures. 
2. Determine what effect the addition of oil has on both heat transfer and pressure drop 
by comparing the experimental data to pure refrigerant data. 
3. Determine what effect the addition of oil has on the two-phase flow regime based 
on visual observation of pure refrigerant flow and the flow of a refrigerant-oil 
mixture. 
4. Determine what effect the addition of oil has on the flow conditions at high 
thermodynamic qualities by evaluating the saturation temperature-pressure 
relationship of a flowing refrigerant-oilmixture. 
4.2.2 Test envelope 
Two matrices of tests were developed. The first one was used to compile the heat 
transfer and pressure drop data for the R-I34a1ester oil mixture. The flow parameters were 
varied widely to give a good understanding of the effects of the oil. The oil concentrations 
tested mimic those found in the evaporator of a standard refrigeration system. The test 
matrix and parameter ranges are listed iIi· table 4.1. 
a e .. est enve ope or T hI 41 T I fi h eat trans er an pressure ti d dro )p testtng 
Flow parameter Ran2e 
Inlet saturation t 41 OP(5 0c) 
Refrigerant mass flux 37x103 to 37Oxl03 1bm/ft2-hr (50 to 500 kg/m2-s) 
" 
Inlet quality 20-80% 
Test·section heat flux 640 to 6400 Btu/hr-ft2 (2 to 20 kW 1m2) 
Nominal oil mass concentration 1%,3%,5% 
36 
A second, .much smaller, matrix was developed in order to experimentally 
determine the deviation from pure refrigerant saturation temperature-pressure relations. 
This apparent superheat is, of course, a function of the amount of oil and the local 
thermodynamic qUality. Table 4.2 shows the parameter ranges for these tests. 
a . est envelQPe or apparent sU):Je!J t testmg T ble4.2 ~ 1 fj hea 
Flow parameter Range 
Inlet saturation 
.-
41 '1«5°C) 
Refrigerant mass flux 15Oxl03 Ibm/ft2-br (200 kg/m2-s) 
Inlet quality 70-95% 
Nominal oil mass concentration 5% 
4.3 Oil Handling Procedures 
The testing of a refrigerant-oil mixture requires additional operating procedures. In 
section 4.3.1, the method used to inject the oil into the refrigerant loop is discussed. In 
section 4.3.2, the technique employed to compute the amount of oil that is flowing is 
outlined. 
4.3.1 Oil charging 
Maintaining a given oil mass concentration in the loop is an exercise in 
bookkeeping. First, a known amount of refrigerant is added to the loop. A double acting 
piston is used to inject the proper amount of oil into the loop. The oil is then allowed to 
circulate through the loop before testing or sampling is canied out. 
The amount of oil injected into the system is not necessarily the same as the flowing 
oil concentration. Initially at each nominal concentration, excess oil has to be added in 
order to get the desired nominal congentration. Some of the oil gets trapped in fittings or 
remains on the tube walls; thus, the amount of oil that is flowing is less than the amount 
actually in the system. Once all of the hold-up spots are filled with oil, the nominal oil 
concentration can be controlled with good accuracy. 
4.3.2 Oil concentration measurement 
Since all of the oil injected into the loop is not flowing, the concentration must be 
measured at every refrigerant charge. Oil concentration measmement is accomplished by 
drawing a liquid sample of the refrigerant-oil mixture into a sample container. ASHRAE 
standard 41.1 [1984] is used as a guideline ... First, the sampling container is evacuated and 
.' / 
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weighed on a precision scale. This weight is called WI. Next, the container is connected 
. , 
to the loop with a charging hose and the entire assembly is evacuated. This was done at the 
charging port located at the inlet to the preheater. It is at the same level as the test section; 
thus, all of the oil that flows past this point should also flow through the test section. 
Approximately 1 Ibm (450 g) of the liquid mixture is drawn from the loop. The container 
and sample are weighed again. This weight is called w2. The refrigerant is allowed to 
slowly boil away through a filter/dryer and a long capillary tube. to prevent any oil droplets 
from escaping with the refrigerant vapor. Once the canister is at atmospheric pressure, it is 
evacuated again to remove any refrigerant still in solution. The canister is weighed a third 
time. This weight is called w3. The nominal oil concentration, Co' is then calculated with 
the following formula: 
(4.1) 
The ASHRAE standard calls for three successive samples to be drawn and averaged 
in order to determine the oil concentration. This is impossible in this case since the loop is 
so sensitive to the amount of refrigerant charge. However, before any testing is completed, 
successive samples are drawn to ensure the accuracy of the sampling technique. Only one 
sample is drawn at each charge while taking data. 
4.4 Data Analysis and Verification 
This section describes the procedures used to analyze and verify the experimental 
data. In section 4.1.1, the computational methods used for calculating the heat transfer 
coefficients and the thermodynamic qualities are discussed. Data verification procedures 
include the comparison of experimental and predicted single-phase heat transfer coefficients 
as well as energy balances performed on both the preheater and test section. These are 
described in section 4.4.2. 
4.4.1 Heat transfer calculation 
Single-phase and two-phase heat transfer coefficients are calculated from Newton's 
law of cooling as follows: 
h or h = QTS + QTS,eDV 
sP 1p A •. (T. - Tb ) (4.2) 
The total heat input to the test section is the sum of the measured heat input from the 
heaters, QTS' and any heat gain from the environment into the test section, QTS,eDV. The 
method for computing the heat gain is described in section 4.4.2. The reference area used 
in Eq. (4.2) is the inside surface area of the heated portion of the tube, given as: 
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A =7t·d· ·LHX • 1 . (4.3) 
The temperature difference is defmed as the average surface temperature, T., minus the 
average saturation or bulk fluid temperature in the test section, T b' The temperatures that 
are used to compute the average surface temperature in Eq. (4.2) should be those of the 
inner wall; however, the outer wall temperatures are measured. The thermal conductivity 
of the copper tube is quite large so the error associated with this discrepancy is small and, 
thus, is ignored. Any axial conduction effects are also ignored. 
For two-phase testing, the thermodynamic quality of the refrigerant-oil mixture in 
the test section must be calculated. This is done with successive energy balances. During 
two-phase testing, subcooled liquid is present at the inlet to the preheater. Based on the 
available temperature measurement, the enthalpy of the refrigerant-oil mixture can be 
approximated from a cmve fit as follows: 
iPH,in =i1(TpH,in) (4.4) 
Enthalpy data for the oil was nOl.available so the cmve fits used throughout this analysis 
are based on pure R-134a data. This introduces an error especially at high qualities where 
the local oil concentration in the liquid is much higher than the nominal oil concentration. 
The enthalpy of the refrigerant exiting the preheater is obtained from a first law statement 
across the preheater: 
QPH + QPH,euv = mr . (iPH,oot - ipH,in) (4.5) 
where QPH,env is the heat gain into the preheater. The computation of the heat gain is 
described later in section 2.4.4. The mass flow rate used in Eq. (4.5) is the mass flow rate 
of the refrigerant, mr , not the total mixture mu.s flow rate. The enthalpy at the inlet to the 
test section is assumed to be equal to the enthalpy at the exit of the preheater. 
(4.6) 
The inlet quality is then calculated as follows: 
iTS· - i1(TTS· ) 
xTS' = ,m ,m (4.7) 
,m ilv(TTS,in) 
In a similar manner, the enthalpy of the refrigerant exiting the test section is determined 
from a first law statement across the test section: 
QTS + QTS,env = mr . (iTS,oot - iTS,in) (4.8) 
The outlet quality is then computed with the following equation: 
iTS out - i1 (T TS out ) X -' , 
TS,oot - i (T ) 
Iv TS,oot 
(4.9) 
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4.4.2 Single pbase testing 
It is difficult to determine the accuracy of two-phase beat transfer data. Except.for 
comparing experimental data to various two-phase heat transfer coefficient correlations, no 
method exists. However, single-phase testing can provide an indirect check. Single-phase 
testing was used to determine the accuracy of the surface temperatures and was used ~o 
determine the magnitudes of the heat gains in the preheater and the test section. 
The surface temperatures w~ checked by comparing experimental heat transfer 
··coefficients with single-phase correlations from the literature such as Dittus-Boelter [1930], 
Petukhov [1970], and Gnielinski [1976]. Values of the single-phase heat transfer 
coefficients fell within ±10% of the these correlations for Reynolds numbers above 6000. 
Figure 4.1 shows experimental and predicted single-phase heat transfer coefficients. The 
mean deviations of the Dittus-Boelter, Petukhov, and Gnielinski correlations compared to· 
the experimental data were 1.7%, 9.4%, and 5.3% respectively. These results also 
indirectly substantiated pressure, mass flow, and heat input me8surements. 
Heat gain from the environment was also determined with single phase testing. 
Energy balances across the preheater and test section were performed by comparing the 
measured heat input with ~e product of mass flow rate and enthalpy change. Tests were 
conducted over a wide range of conditions. For .. the test section, the heat gain was 
determined to be approximately 5 W (17 Btu/hr) for a wide range of conditions. This 
becomes more important during low mass flux testing when the total test section heat input 
may be on the order of 50 W (170 Btuihr). The heat gain to the preheater was determined 
to be approximately 10 W (34 Btu/hr). These correction factors were included in the data 
acquisition system and used in the above analysis. 
~ .. s Experimental Uncertainty 
The method· of sequential perturbation as described by Moffat [1988] for single 
sample data was used to calculate the uncertainties in the experimental heat transfer 
coefficients. Uncertainties in each of the independent variables in Eq. (4.2) were estimated 
and used as inputs to the analysis. These are listed in table 4.3. 
40 
Table 4.3. Estimated uncertainties in the independent variables used to compute the 
e en talh ~ ffi . eat tran er cae Clent. 
Variable Uncertainty 
Heat Input, QTS 17 BtuJhr (10 W) 
Inside diameter, d i 0.03 in (0.8 mm) 
" Heated length, Lsx 0.125 in (3.2 mm) 
Average surface temperature, T. 0.4 OP (0.2 0c) 
Average bulk fluid temperature, T b 0.4 OP (0.2 °C) 
The method calculates an uncertainty in the heat transfer coefficient based on the 
perturbation of one independent variable at a time. The root-sum-sqaure of these individual 
uncertainties becomes the overall uncertainty in the experimental data as shown below: 
[( dh )2 (dh )2 ('dh )2 (dh '. )2 (dh )2Tz Shtp = ~sQTS + itSdi + ai!"SLHX + F,ST. + F.STb J (4.10) 
These uncertainties are listed along with the experimental data in Appendix A. 
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Figure 4.1. Predicted and experimental single-phase heat transfer data. 
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CHAPfER5 
EXPERIMENTAL RESULTS 
This chapter is devoted to the presentation and discussion of the experimental ~ 
The experimental data consist of local heat transfer coefficients and local pressure drops 
collected for mixtures of R-134a and an ester based lubricanL Nominal oil concentrations 
tested range from 1% to 5%. In section 5.1, the heat transfer data are presented. Both 
local trends and overall trends are analyzed. Mixture properties are employed in a Pun: 
refrigerant correlation in order to evaluate the effects of the property changes as well as any 
additional hydrodynamic effects. Apparent superheat trends are also discussed. In section 
5.2, the pressure drop data are presented. Again, local and oVCraII trends are discussed. 
The experimental data are also compared to predicted data based on mixture properties. 
5.1 Heat Transfer Results 
In this section, all of the heat transfer data are presented. In order to better quantify 
the effects of oil on heat transfer, a majority of the data ~ presented in terms of 
enhancement factors. The enhancement factor is defined as the heat transfer coefficient for 
the refrigerant-oil mixture divided by the heat transfer coefficient for the pure refrigerant at 
the same saturation temperature, mass flux, quality, and heat flux. The pure refrigerant 
heat transfer coefficients are computed using the Wattelet correlation [1994a,b]. Correlated 
data is used in favor of experimental data for several reasons. First, there is a certain 
amount of scatter in any experimental data. By employing the correlation, this scatter is 
eliminated. The correlation provides a smooth basis for the computation of the 
enhancement factors. A second consideration is the accuracy of the correlation. The 
Wattelet correlation has proven to predict local heat transfer coefficients quite well for 
several different refrigerants and over a wide range of flow conditions. Therefore, there is 
little or no loss of accuracy in using the correlation. Any inaccuracies would be lost in the 
experimental scatter. The enhancement factor allows the effects of the oil to be seen 
immediately without any further computation. This is important since the goal of this 
investigation is to determine the magnitude of such effects. 
In section 5.1.1, local heat transfer data are presented. Trends with quality, mass 
flux, heat flux, and nominal oil concentration are discussed. To observe overall trends, the 
local data is integrated over a quality range form. 20% to 90%. The resulting average 
enhancement factors are presented in section 5.1.2. Trends with oil concentration are 
easily determined. In section 5.1.3, the experimental data is compared to predicted values 
based on the- mixture properties. This comparison allows the effeCts due to property 
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changes and flow transitions to be analyzed. Finally in section 5.1.4, trends in the 
apparent superheat data are presented. The effect of apparent superheat on the heat transfer 
coefficient is also discussed. 
5.1.1 Local beat transfer results 
The local enhancement factors presented in this section are grouped in a certain way 
in order to facilitate analysis~ The data is first grouped by Jll3$S flux. Four masS fluxes 
'. were·· tested: 370x103, 220~I03, 75x10 3 , and 37xl03 lbm /ft2 -hr 
(500,300, 100, and 50 kg/m2-s). For each mass flux, the local enhancement factors are 
plotted against quality for the three nominal oil concentrations tested: 1%, 3%, and 5%. 
The trends with oil concentration are analyzed by comparing the three plots for each mass 
flux. Trends with quality and heat flux are determined from each mass flux and oil 
concentration combination. 
Local enhancement factors for a mass flux of 370xl03 lbm/ft2-hr (500 kg/m2-s) 
and oil concentrations of 1%, 3%, and 5%, are presented in figures 5.1 through 5.3 
respectively. It is clear that 1% oil has very little effect on the heat transfer. All of the 
enhancement factors are close to unity. A heat transfer enhancement is observed at low 
qualities for 3% oil. This is caused by foaming of the liquid layer which increases the 
convective smface area. Similar trends are seen for an oil concentration of 5%. In fact, the 
magnitudes of the enhancement factors are nearly identical between the 3% and 5% data. 
This suggests that at high mass fluxes the effect of the oil remains relatively constant up to 
an oil concentration of 5%. The addition of more oil is expected to decrease the 
enhancement factors due to the increase in the mixture viscosity and the extra thermal 
resistance presented by the oil. 
Figures 5.4 through 5.6 show· the local behavior for a mass flux of 
220xl03 Ibm/ft2_hr (300 kg/m2-s) and 1%, 3%, and 5% oil concentrations. For the 
lowest oil concentration there is· only a slight heat transfer enhancement. The most 
interesting aspect is the stratified increase of the enhancement factors due to heat flux. For 
all qualities, the enhancement factors decrease as the heat flux increases. The details of this 
trend are discussed later in this section. At a 3% oil concentration, foaming is responsible 
for the enhancement at lower qualities. The behavior at a 5% oil concentration is similar. 
The slight decrease in enhancement factors at a quality of 20% for both the 3% and 5% data 
is interesting. One possible cause is the reduction in foaming. A slight reduction in the 
intensity of the foaming was visually observed during testing. 
The local results for a mass flux of 75 xl03 lbmlft~-hr (100 kg/m2.s) and oil 
concentrations of 1%, 3%, and 5% are given in figures 5.7 through 5.9. Significant 
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stratification of the enhancement factors with heat flux is seen with 1 % oil. This is caused 
by the competing effects of a flow regime transition and the degradation of nucleate boiling. 
At this mass flux, wavy-annular flow is observed above qualities of about 50% for pure 
refrigerants. At lower qualities, wavy flow is observed. This is verified in figure 2.2. 
The addition of oil promotes the formation of annular flow; thus, the lower boundary of the 
wavy-annular flow regime is pushed to lower mass fluxes and lower qualities. Visual 
observations support this since all of the 75 x103 Ibm/ft2_hr (100 kglm2-s) data were 
classified as wavy-annular. This transition enhances the heat transfer by increasing the 
convective surface area and reducing the thickness of the liquid layer. Simultaneously, 
surface tension effects decrease the nucleate boiling contribution as described in section 
2.3.1. Therefore, at high heat fluxes where the nucleate boiling contribution is large, the 
degradation of bubble formation is the most severe. For low heat fluxes, the nucleate 
boiling degradation is less severe and the increase in heat transfer due to the flow transition 
dominates. This explains why the enhancement factors decrease as heat flux is increased. 
For a 3% oil concentration, the enhancement factors are relatively constant over the entire 
quality range. The one exception is at the lowest quality and heat flux. Here the 
enhancement factor is nearly 1.8. Several tests were run to check the validity of this point 
and all were consistent. At an oil concentration of 5%, the -heat transfer enhancement is 
significant at lower qualities; however, it drops off at higher qualities. The drop off at 
higher qualities is due to the presence of an oil-rich liquid layer that forms along the tube 
wall. This layer presents an additional heat transfer resistance and, thus, the enhancement 
factors decrease. 
Figures 5.10 through 5.12 show the local behavior for 1 %, 3%, and 5% oil at the 
lowest mass flux tested, 37 x103 lbm/ft2-hr (50 kglm2-s). The effects of the flow regime 
transition are clear in the 1 % data. For pure refrigerant flow, either stratified or wavy flow 
is observed. For qualities above 60%, the experimental data were classified as wavy-
annular. This is why an enhancement is seen at the higher qualities. At low qualities, the 
flow is still wavy and the benefits of the flow transition are not observed. For an oil 
concentration of 3%, the enhancement factors are relatively constant up to a quality of 70%. 
The drop off is due to the formation of the oil-rich liquid layer at high qualities. Tiny 
waves or ridges formed on the surface of this layer. These waves moved at a much slower 
velocity than the bulk fluid. A large amount of scatter is present in the 5% data. This is 
attributed to instabilities in the refrigerant loop. Low flow rate testing is difficult with the 
test apparatus and the presence of 5% oil made it extremely difficult to get the flow 
conditions to stabilize. Regardless, the same trends are apparent. At high qualities, the 
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enhancement factors drop off due to the oil-rich layer. The ripples or waves were 
especially noticeable at this oil concentration. 
5.1.2 Overall heat transfer results 
In order to get an indication of how the oil affected the overall heat transfer, average 
enhancement factors were computed. The average enhancement factor is computed by 
integrating the local data over a quality range of 20% to 90%. No data was taken below a 
quality of 20% nor was any taken above a quality of 90%; thus, local behavior at these 
, , 
extremes is not' kn~wn. Average enhancement factors allow the trends with oil 
concentration to be seen more clearly. 
Figure 5.13 shows the average enhancement factors versus nominal oil 
concentration for a mass flux of 37Oxl03 1bm/ft2-hr (500 kg!m2-s). It is clear that at such 
a high flow rate, the oil has little effect on the overall heat transfer. For a mass flux of 
220xl03 Ibm/ft2_hr (300 kglm2-s), slight enhancements are seen at 3% and 5% oil 
concentrations, as shown in figure 5.14. At a 5% oil concentration, the enhancement 
factors are beginning to decline and would continue to do so at even higher oil 
concentrations. The stratification of the enhancement factors with heat flux is clear in 
figure 5.15 which shows the overall behavior at a mass flux of 7Oxl03 Ibm/ft2-hr 
(100 kglm2-s). For high heat fluxes, there is little ~ no enhancement; however, at the 
lowest heat flux tested, 960 Btu/hr-ft2 (3 kW/m2), there is considerable enhancement at 1 % 
and 3% oil concentrations. Finally, figure 5.16 shows the overall results for a mass flux of 
37xl03 Ibmlft2~hr (SO kglm2-s). There is only a slight enhancement for all of the oil 
concentrations tested 
Schlager, Doerr, and Pate [1994] report average enhancement factors for mixtures 
of R-134a and ester oils. In comparing the experimental data to that presented by Schlager, 
Doerr,' and Pate, the trends are similar. At small oil concentrations, there is a slight 
, . 
enhancement of the heat transfer. However, the enhancement reported by Schlager, Doerr, 
and Pate only applies to oil concentrations below 2.5%. The experimental data collected in 
this study show that an enhancement is observed at oil concentrations up to 5%. In fact, 
very few of the enhancement factors were below one. More study is required to verify 
either set of results. 
5.1.3 Thermopbysical property effects 
It is important to quantify the various effects oil has on heat transfer. These effects 
may be due to a change in the thermophysical properties of the mixture associated with the 
addition of the oil or due to other effects such as the flow transition or foaming. To 
quantify the effects due to property variations, mixture properties were used to predict the 
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heat transfer coefficient of the refrigerant-oil mixture using the Wattelet correlation 
[1994a,b]. A plot of these predicted heat transfer coefficients versus the experimental heat 
transfer coefficients is given in figure 5.17. The predicted heat transfer coefficients are 
well below the experimental data. In fact, the heat transfer coefficients predicted based on 
the mixture properties were almost always below those based on pure refrigerant 
properties. Therefore, as far as the correlation is concerned, the addition of oil should 
always decrease the heat transfer coefficient. The correlation does not account for the flow 
transition or the foaming effects. In order for' general refrigerant-oil correlations to be 
developed, these effects must be incorporated. 
The experimental data were also compared to the Panek correlation [1992]. This is 
a simplistic correlation based on the Lockhart-Martinelli parameter. It was developed for 
mixtures of R-1348/PAG oils and R-I34a1ester oils. Figure 5.18 shows the comparison 
between the predicted and experimental heat transfer coefficients. Again the correlation 
does a poor job in predicting the experimental data. The experiinental data are considerably 
underpredicted. 
5.1.4 Apparent superheat results 
An attempt was made to determine the magnitude of the apparent superheat at an oil 
concentration of 5%. In section 2.2.2, two solubility models are used to predict the degree 
of apparent superheat. Figure 2.7 presents the results. Also included in figure 2.7 are 
apparent superheat values based on ICI solubility data. At a quality of 80%, the predicted 
apparent superheat is about 0.9 OP (0.5 0C). The experimental data taken at similar qualities 
are consistent with such predictions. At higher qualities, the apparent superheat increases 
rapidly. Unfortunately, experimental data could not be obtained at qualities where this 
trend is significant. Once any appreciable superheat appcared, the refrigerant loop became 
very unsteady. It proved impossible to get the 'flow conditions to stabilize with more than 
0.9 OF (0.5 °C) of superheat. The possibility of buming up the electrical resistance heaters 
also deterred any experimental data collection. 
None of the experimental data had apparent superheats of above 0.9 OP (0.5 °C). 
Therefore, no correction to the experimental heat transfer coefficient was required. Errors 
occur when the bulk fluid temperature is determined from pressure measurement~. The 
mixture saturation temperature may be considerably higher than that of the pure refrigerant, 
especially at high qualities and high nominal oil concentrations. Significant errors in the 
heat transfer coefficients can occur. More study is required to accurately determine the 
behavior of refrigerant-oil mixtures at such high qualities. 
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S.2 Pressure Drop Results 
In this section, the experimental pressure drop data are presented. The data is 
presented in the form of penalty factors. The penalty factor is defined as the pressure drop 
for the refrigerant-oil mixture divided by the pressure drop for the pure refrigerant at the 
same saturation temperature, mass flux, quality, and heat flux. The pure refrigerant data 
are computed using the Souza correlation [1992].' The same reasoning as given in section 
5.1 applies here as to using .the correlation instead of experimental data. 
In section 5.2~1, the local penalty factors are presented. Overall or average penalty 
factors, obtained by integrating the local data, are presented in section 5.2.2. Finally in 
section 5.2.3, mixture properties are used in the Souza correlation in order to determine the 
relative effect of the propeny variations. 
Interpreting trends in pressure drop from penalty factor data is less straightforward 
than interpreting trends in heat transfer from enhancement factors. For a lack of a better 
way to do it, the local penalty factors are plotted against quality according to heat flux. 
Neither the frictional or the acceleration components of pressure drop are explicitly 
functions of the heat flux. However, for a given mass flux, the heat flux determines the 
magnitude of the quality change. The larger the heat flux, the larger the quality change will 
be. As for oil effects, it is difficult to determine which component is being affected from 
penalty factors. For this reason, the pressure drop data will be analyzed in a more 
qualitative manner. 
S.2.1 Local pressure drop results 
The local behavior at oil concentrations of 1 %, 3%, and 5% for a mass flux of 
370xl03 Ibm/ft2_hr (500 kg/m2-s) are presented in figures 5.19 through 5.21. For all 
three oil concentrations, the penalty factors increase as the quality decreases. Also, there is 
no heat flux dependence. This is caused by the foaming of the liquid layer. The foaming 
increases the frictional component by increasing the shear stresses that arise at the liquid-
vapor interface. 
Figures 5.22 through 5.24 show the local penalty factors for a mass flux of 
220xl03 Ibm/ft2_hr (300 kg/m2-s) and 1%, 3%, and 5% oil. The penalty factors are 
relatively constant over the quality range for all three oil concentrations. At 3% and 5%, 
there is a slight dependence on heat flux at the lowest quality. This is indicative of an 
increase in the acceleration component; however, oil should theoretically not have a 
significant effect on the acceleration component 
The local behavior becomes more interesting at a mass flux of 75xl031bmlft2_hr 
(100 kg/m2-s). Figures' 5.25 through 5.27 show the local penalty factors for oil 
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concentrations of 1%, 3%, and 5% respectively. For all three oil concentrations, the 
penalty factors for the lowest heat fluxes remain relatively constant over the entire quality 
range. At the highest heat flux, corresponding to the largest change in quality, the penalty 
factors increase with decreasing quality. In addition, the magnitude of the increase goes up 
with oil concentration. The reasons for this trend are unclear. The fact that the increase is' 
not seen for all heat fluxes indicates that the acceleration component is being affected by the 
oil. ,However, the magnitude of the acceleration component is typically small compared to 
the frictional component. Since the penalty factors reach values of 1.6 or higher, it is 
highly unlikely that this trend is only an acceleration phenomenon. To completely' 
determine the reasons behind this trend, further study is required. 
The penalty factors for the lowest mass flux, 37xl03 1bm/ft2-hr (50 kg/m2-s), are 
not presented. At such a low mass flux the magnitudes of the pressure drops are quite low, 
below 7 psid (1 kPa). This falls within the experimental uncertainty of the differential 
pressure transducer. 
5.2.2 Overall pressure drop results 
The average penalty factors for a mass flux of 37Oxl03 Ibm/ft2-hr (500 kg/m2-s) 
are presented in figure 5.28. The penalty factors increase moderately with oil 
concentration. No significant dependence on heat flux is observed. Figure 5.29 shows the 
same data for a mass flux of 22Oxl03 Ibm/ft2_hr (300 kg/m2-s). Again, the average 
penalty factors increase with oil concentration. The magnitude of the increase is slightly 
larger at the lower mass flux. Consistent trends are seen for a mass flux of 
75xl03 1bm/ft2-hr (100 kg/m2-s), as shown in figure 5.30. The only significant difference 
is at the highest heat fluxes where the average penalty factors are much higher than those at 
the lower heat fluxes. This results from the trends described in tpe last section. In general, 
the pressure drop increases as the oil concentration is increased. This is consistent with the 
results of other investigators. 
5.2.3 Tbermopbysical property effects 
Mixture properties were used in the Souza correlation in order to determine the 
effects of the property variations caused by the presence of the oil. The predicted pressure 
drop based on the mixture properties increased only slightly compared to the pure 
refrigerant pressure drop. As far as predicting the experimental data, the mixture properties 
do not account for all of the ob~rved affects. The predicted pressure drops are plotted 
against the experimental data in figure 5.31. The correlation predicts most of the data to 
within 20%. 
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Figure 5.1. Local enhancement factors for a mass flux of370xl031bm/ft2-hr 
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Figure 5.2. Local enhancement factors for a mass flux of370xl031bm/ft2-hr 
(500 kg/m2-s) and an oil concentration of 3%. 
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;Figure 5.4. Local enhancement factors for a mass flux of 22Oxl03 Ibm/ft2-hr 
(300 kg/m2-s) and an oil concentration of 1 %. 
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Figure 5.5. Local enhancement factors for a mass flux of 22Oxl03 lbm/ft2-hr 
(300 kg!m2-s) and an oil concentration of 3%. 
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Figure 5.6. Local enhancement factors for a mass flux of220xl031bm/ft2-hr 
(300 kglm2-s) and an oil concentration of 5%. 
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Figure 5.8. Local enhancement factors for a mass flux of 75xl03 1bm'ft2-hr 
(100 kg/m2~s) and an oil concentration of 3%. 
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Figure 5.9. Local enhancement factors for a mass flux of 75xl03 1bm/ft2-hr 
(100 kg/m2-s) and an oil concentration of 5%. 
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Figure 5.10. Local enhancement factors for a mass flux of 37xl03 lbm/ft2-hr 
(sO 'kg/m2-s) and an oil concentration 'of 1%. 
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Figure 5.11. Local enhancement factors for a mass flux of 37x103 lbm/ft2-hr 
(SO kg/m2-s) and an oil concentration of 3%. 
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Figure 5.12. Local enhancement factors for a mass flux of 37x103 lbm/ft2-hr 
(SO kg/m2-s) and an oil concentration of 5%. 
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Figure 5.13. Average enhancement factors for a mass flux of 
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Figure 5.14. Average enhancement factors for a mass flux of 
22Oxl031bm/ft2-hr (300 kg/m2-s). 
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Figure 5.16. Average enhancement factors for a mass flux of 
37x103 lbm/ft2-hr (50 kglm2-s) .. 
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Figure 5.17. CompaIison of the experimental heat transfer data with predicted 
data based on refrigerant-oil mixture properties. 
1400 8000 
f 1200 7000 ~ 1 6000 l. 1000 i!: 
5000 ·1 II.. 
"g 800 , , 
4000 
-I i 600 ! 3000 j J 400 I I 2000 200 1000 
0 0 
0 200 400 600 800 1000 1200 1400 
&pemnmta1t-l tnnsfer coefIic:iaIl [B1UIbr-ftl-"FJ 
Figure 5~18. Comparison of the experimental heat transfer data with predicted 
data from the Panek cOITelation [1992], Eq. (2.45). 
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Figure 5.20. Local penalty factors for a mass flux of 37Oxl031bm/ft2_hr 
(500 kglm2-s)' and an oil concentration of 3%. 
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Figure 5.21. Local penalty factors for a mass flux of370xl03lbm/ft2-hr 
(500 kg/m2-s) and an oil concentration of 5%. 
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Figure 5.22. Local penalty factors for a mass flux of 22Oxl03 lbm/ft2-hr 
(300'kg/m2-s) and an oil concentration of 1%. 
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Figure 5.23. Local penalty factors for a mass flux of 22Oxl03 lbm/ft2-hr 
(300 kglm2-s) and an oil concentration of 3%. 
2 I 
0 -
+ 
I.S 
0 
+ .+ 0 .,. to 
• 
1 
, 
O.S I- 0 q"=6400BtuAIr-ft1 aOkW/ml) G=22Oxlo'lb Jltl_hr (300 IcgJml_s) -m 
+ q"=3200 BtuAIr_ft1 (10 k.W/m 1 C=S% 0 
• q"=I600 BtuAIr_ft1 (S kW/m1 
o I 
o 0.2 0.4 0.6 0.8 1 
Figure 5.24. Local penalty factors for a mass flux of 22Oxl03 lbm/ft2-hr 
(300 kglm2-s) and an oil concentration of 5%. 
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Figure 5.25. Local penalty factors for amass flux of 75xl03 lbm'ft2_hr 
(100 kglm2-s) and an oil concentration of 1%. 
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Figure 5.26. Loc:al penalty factors for a mass flux of75xl03 1bm'ft2-hr 
(100 kglm2-s) and an oil concentration of 3%. 
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Figure 5.27. Local penalty factors for a mass flux of 75xl03 Ibmlft2-hr 
(100 kglm2-s) and an oil concentration of 5%. 
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Figure 5.28. Average penalty factors for a mass flux of 
370x.103 1bm/ft2-hr (500 kglm2-s). 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDA nONS 
The main goal of this study was to collect heat transfer and pressure drop data for 
mixtures ofR-l34a and small concentrations of an ester based lubricant. This experimental 
data was used to determine what effects the oil had on both the heat transfer and pressure 
drop. In chapter 5, these effects were discussed in detail for all of the flow conditions 
tested. General conclusions, however, can be drawn in each area, and are presented 
below. Recommendations for future study are presented separately in each section. 
6.1 Heat Transfer 
In this study, the effects of oil on heat transfer were presented in the form of 
enhancement factors. The enhancement factor is defined as the heat transfer coefficient of 
the refrigerant-oil mixture divided by the heat transfer coefficient of the pure refrigerant at 
the same flow conditions. It is clear by examining the experimental data that small 
concentrations, below 5% by weight, of a miscible lubricant enhance the heat transfer. 
The reasons behind this heat transfer enhancement are complex; however, several main 
conclusions can be drawn. 
The most obvious effect due to the oil is the promotion of annular flow at low and 
moderate flow rates. This is caused by an increase in the mixture surface tension due to the 
presence of the oil. This increases the convective surface area while simultaneously 
reducing the thickness of the liquid layer. This was most evident at a mass fluxes of 
75xl03 and 37xl03 Ibm/ft2_hr (100 and 50 kglm2-s). The lower boundary of the 
transition regime between wavy and annular flow, called wavy-annular flow, was observed 
at lower mass fluxes and qualities thm, predicted based on visual observations of pure 
refrigerant flow. 
A second effect that oil has on heat transfer is the reduction of the nucleate boiling 
contribution. The formation of an oil-rich layer around the bubble presents an additional 
diffusion resistance. The corresponding increase in surface tension also reduces the 
nucleate boiling contribution by reducing the bubble growth rate. This was evident at 
moderate mass fluxes and high heat fluxes where the increase in heat transfer .~ue to the 
flow transition was overwhelmed by this decrease in nucleate boiling. 
The .presence of oil caused foaming at high flow rates. The foaming increases the 
turbulence and the convective surface area; thus, increasing the heat transfer. The increase 
in heat transfer coefficient observed at mass fluxes of 37Oxl03 and 22Oxl031bm/ft2-hr 
(500 and 300 kg/m2-s) w~ attributed to this foaming effect 
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The addition of oil changes the thermophysical properties of the mixture. To 
quantify these effects, mixture property data was used in the Wattelet correlation [1994a,b] 
to predict the heat transfer coefficients. The predicted data were well below that of the 
experimental data. This indicates that pure refrigerant correlations cannot be used to 
correlate refrigerant-oil mixture data. The effects of the flow transition, foaming, and' 
nucleate boiling suppression must all be accounted for. Until then, no general correlation 
for. refrigerant-oil mixtures will be possible. 
An attempt was made to quantify the apparent superheat at high qualities. 
Experimental data taken at an oil concentration of 5% and inlet qualities of 80% showed a' 
degree of apparent superheat of approximately 0.9 OF (0.5 °C). Unfortunately, it proved 
impossible to obtain any reliable data at larger degrees of apparent superheat. The flow 
became very unsteady and the flow conditions would not stabilize. 
Recommendations for future work include: 
1. More detailed study of the various effects on heat transfer so that effects other than 
the thermophysical property variations can be included in general refrigerant-oil heat 
transfer coefficient correlations. 
2. Development of a comprehensive thermodynamic model of me refrigerant-oil 
mixture that accounts for both property clJanges as well as saturation condition 
variations due to the increase in the local oil concentration as the refrigerant 
evaporates. 
6.2 Pressure Drop 
Similar to the heat transfer effects, the pressure drop effects were presented in the 
form of penalty factors. These are defined in the same manner as the enhancement factors. 
Evaluation of the experimental data reveals that the presence of oil increases the. pressure .. 
drop over that of pure refrigerants. The same phenomenon that affect heat transfer also 
affect pressure drop. 
The promotion of an annular-type flow increases the pressure drop. However, the 
expected increase in the frictional component due to this flow transition did not appear in 
the data. The most interesting trend was observed at a mass flux of 75xl03 Ibmlft2-hr 
(100 kg/m2-s) and a heat flux of 3200 BtuIhr-ft2 (10 kWJm2). Under these conditions, the 
penalty factors increased as the quality decreased This is indicative of an ·acceleration 
component enhancement. The magnitudes of the enhancement are large and it is unlikely 
that only an acceleration cOlllpQnent enhancement is the cause. The reasons behind this 
trend need further investigation. 
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The increase in the mixture viscosity and the foaming effect are other reasons why 
the pressure drop increases with the presence of oil. Foaming was important at the higher 
flow rates. The increase in the mixture viscosity increases the shear forces at the liquid-
vapor and liquid-tube wall interfaces. This effect was not explicitly observed in the data; 
however, it may explain the general trends. 
Mixture properties were used in the Souza correlation [1992] to determine the 
magnitude of the thennophysical ~ effects. The predicted pressure drops were only 
slightly higher than those of the pure refrigerant. Most of the predicted values fell within 
20% of the experimental data. This indicates that pure refrigerant pressure drop 
correlations couId be used; however, for more accurate correlations to be developed they 
must account for other effects such as the flow transition and foaming. 
Recommendations for future work are: 
1. Investigate the individual effects of oil on the frictional and acceleration 
components. No adiabatic pressure drop tests were taken in this study; thus, the 
behavior of the frictional component can not be identified explicitly. 
2. Investigate further the magnitudes of each oil effect as well as under which 
conditions each are present. This would allow a general.refrigerant-oil pressure 
drop correlation to be developed. 
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APPENDIX A 
All of the heat transfer and pressure drop .data collected in this study are listed in 
Appendix A. The data is grouped by nominal oil concentration. The headings and unit~. 
for all three tables are as follows: G, refrigerant mass flux (kglm2-s); q", test section heat 
flux (kW/m2); Xavg, average of the test section inlet and outlet qualities; hexp, 
experimental heat transfer coefficient (W/m2_oC); EF, enhancement factor; dPexp• 
experimental pressure drop through the test section (kPa); PF, penalty factor; Sh. 
computed uncertainty in the experimental heat transfer coefficient 
Table A.l. Experimantal data for a nominal oil concentration of 1 %. 
li q" Xavg bexp Elf dPexp Pit' ~b 
500.0 9.9 0.623 6557 0.96 26.75 0.99 1253 
496.1 4.9 9·619_ 6532 0.~8 26.12 l.Ql 2489 
505.9 ~0.1 0.459 5714 _0.93 23.27 1.12 473 
504.6 10.1 0.434 5516 0.97 21.03 1.13 873 
494.6 5.1 U.433 5531 1.02 2U.IU 1.15 1734 
504.3 19.9 . U.264 4361 U.9U 12.94 1.21 284 
496.2 1U.2 0.248 ~141 0.97 11.02 1.21 495 
498.2 5.0 0.234 4179 1.05 10.33 1.24 1023 
299.3 lU.U U.846 5834 1.11 13.93 I.U6 984 
298.1 5.0 U.828 5861 1.15 U·44 1.07 1989 
303.6 19.9 0.694 5191 0.99 14.25 1.09 397 
298.7 1JJ.1 0.664 5075 I.Q7 17·8~ 1.10 7~ 
298.2 5.0 0.647 5229 1.15 12.26 1.12 1578 
299.5 _~g.2_ U.506 4J5~ _0.94 11.1~ 1.18 27~_ 
300.9 10.1 0.461 4193 1.04 9.56 1.18 516 
299.3 4.9 _Q.443 4226 1.12 8.79 1.19 1JJ6~ 
302.3 20.1 0.311 3429 0.86 6.33 1.14 179 
~OQ.1 9.9 U.258 2770 U.8_9_ .4_.29_ I.U7 ~ 
301.6 5.0 0.234 2693 0.98 3.67 1.08 451 
101.3 5.1 0.877 2522 1.28 1.95 1.1U 389 
102.5 3.0 0.840 2964 1.62 1.71 0.99 891 
100.2 10.1 0.770 2134 0.92 1.83 1.05 147 
102.1 5.1 0.681 2275 1.23 1.51 1.01 324 
lU3.6 3.1 U.635 2594 1.55 1.37 1.QO 682 
101.4 10.0 0.551 2068 0.94 1.43 1.14 141 
104.1 5.0 U.463 1708 1.04 1.07 I.U9 201 
104.2 3.1 0.442 2038 1.41 0.89 1.00 437 
99.0 10.0 0.365 1987 0.97 0.96 1.30 132 
100.0 5.0 0.285 1503_ 1.05 0.50 1.01 16~ 
102.2 3.1 0.250 2139 1.83 0.42 1.01 484 
49.5 3_.0 U.906 976 , U.94 U.51 1.04 141 
48.7 2.0 0.865 1088 ' 1.22 0.51 1.12 247 
49.3 5.1 0.757 1305 1.00 0.49 1.06 129 
49.9 3.0 0.723 1125 1.11 0.39 0.91 174 
5().7 .2~O U.665 123U 1.42 U.35 U.88 196 
50.7 5.0 0.571 1145 0.90 0.35 0.96 107 
53.8 3.1 0.479 863 0.88 0.25 0.81 118 
55.1 2.0 U.437 8U3 1.00 0.21 U.76 166 
49.4 5.0 0.378 1149 0.94 0.22 1.05 108 
51.9 3.0 0.302 876 0.97 0.21 1.29 122 
50.5 2.U U.27~ 667 Q.~J U.2U 1.48 129 
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Table A.2. Experimantal data for a nominal oil concentration of 3%. 
G q" Xavg hexp EF dPexp PF ah 
501.8 10.0 0.623 7349 1.09 28.75 1.09 1557 
. 505.8 5.0 O.~ 7131 1.07 27.50 1.05 2913 
499.1 20.2 0.482 1361 1.18 26.79 1.24 773 
501.3 10.1 0.445 7278 1.27 23.18 1.22 1512 
496.7 5.0 0.430 7206 .. 1.31 21.45 1.23 2957 
495.9 19.9 0.278_ 6023 1.23 16.37 1.47 530 
495.5 10.0 0.246 582§ 1.37 13.31 1.47 ')77 
504.1 5.0 0.228 5880 1.48 11.98 1.46 1993 
300.7 10.0 0~48 4833 0.92 16.42 1.24 681 
302.9 5.1 0.821 5296 1.03 15.42 1.19 1608 
302.8 20.0 0-108 5807 1.10 16.14 1.22 491 
303.7 10.0 0.659 5820 1.21 .14.45 1.22 981 
~01.2 4.~ 0.635 6035 1.33 13.29 1.21 _7139 
298.9 20.1 0.512 5464 1.17 12.87 1.35 433 
301.0 10.0 0.460 5096 1.27 10.45 1.29 760 
301.6 5.0 0.435 5214 1"-~~ 9.37 1.~8_ 1583 
300.7 20.1 0.314 4698 1.18 7.85 1.42 324 
304.6 10.0 0.256 3352 1.07 4.95 1.21 338 
299.7 5.1 0.233 3138 1.15 3.7~ 1.13 591 
100.4 5.1 0.853 2197 1.13 2.16 1.25 307 
104.3 3.0 0.810 2515 1.~6 2.04 1.17 654 
103.8 10.0 0.716 2907 1.25 2.39 1.38 260 
103.1 5.1 0.675 2137 1.15 1.70 1.14 291 
102.3 3.0 0.650 2181 1.31 1.48 1.08 506 
102.5 1(j.0 0.572 2934 1.32 1.94 1.45 263 
105.0 5.0 0.467 1867 1.12 1.16 1.16 233 
105.1 3.1 0.439 1746 1.21 0.91 1.03 342 
102.6 10.1 0.359 2801 .1.34 1.21 1.59 240 
106.2 5.0 0.281 1841 1.26 0.60 1.13 227 
110.1 3.0 J).240 ~()96 1.75 0.43 0.98 484 .. 
50.2 3.0 0.874 .. 829 0.80 0.53 1.07 113 
52.0 2.1 0.827 1083 1.16 0.47 0.93 236 
49.8 5.1 0.746 1737 1.33 0.58 1.25 204 
51.1 3.1 0.695 1247 1.22 0.48 1.09 19~ 
52.6 2.0 0.661 1230 1.39 0.42 1.00 292 
53.7 5.0 0.545 1754 1.38 0.48 1.27 212 
54.8 3.0 0.479 1300 1.33 0.30 0.95 213 
53.2 2.0 0.480 1060 1.29 0.31 1.07 234 
51.0 5.1 _0_.366 171() 1.39 0.31 1.44 701 
53.7 3.1 0.290 1217 1.33 0.18 1.12 192 
53.1 2.0 0.266 894 1.24 0.14 1.07 191 
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Table A.3. Experimantal data for a nominal oil concentration of 5%. 
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